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ABSTRACT

Cohen, Alexander J. M.S., Purdue University, December 2014. Using Individual-based
Modeling to Explore How Environmental and Anthropogenic Factors Impact Piping
Plover Breeding Success. Major Professor: Patrick A. Zollner.

The Piping Plover (Charadrius melodus) is an intensively managed shorebird species
which breeds in part along the Atlantic Coast. Major threats to Piping Plovers include
habitat loss and degradation, predation, human disturbance, and vulnerability to the
elements. Common management techniques include predator exclosures and symbolic
fencing around nests to deter humans from entering nesting areas. However, Piping
Plover productivity is highly variable even with management. Many site- and seasonspecific factors affect plovers and their interactions with other inhabitants of the beach
environment. Variability in magnitude and patterns of human disturbance, plover
behavioral tolerance of disturbance, and a variety of beach characteristics may have
important impacts on plover breeding success. Accounting for each of these factors,
along with their interactions, is a difficult task empirically. However, simulation
modeling tools allow for creation of virtual worlds and the ability to simultaneously
manipulate factors of interest. In this thesis, I apply two individual-based modeling tools
to explore how plover productivity (e.g. survival, energetics, and behavior) is determined
by the functioning of individual plovers, as well as their interactions with individual
humans and, in the second model, individual predators. For the first model application, I
employed the individual-based model SODA (Simulation of Disturbance Activities) to
explore the implications of human disturbance on plovers. I created digital
representations of 15 Massachusetts beaches and measured relevant spatial characteristics
(e.g. beach width, configuration of symbolic fencing). I then created 20 combinations of
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different scenarios for human disturbance levels and plover flush distances, and ran
simulations for each beach and disturbance scenario. Model outputs included the amount
of time adult plovers and chicks spent flushing, along with chick weights. For the second
model application, I built a similar model in NetLogo which incorporated explicit virtual
predators along with virtual humans. I created 15 virtual beach configurations which
varied in characteristics including beach width, extent of symbolic fencing, presence or
absence of a high-quality foraging area, and accessibility of that area (if present). I also
created six scenarios for human recreational density, four sets of plover flush distances,
three scenarios for predator abundance, and three sets of predator flush distances. I ran
simulations using a fully crossed design. Model outputs included nest survival, chick
survival, chick weights, and time adults spent flushed off nests. Results and implications
were similar for each model. Human densities and plover flush distances were essential
determinants of disturbance and subsequent risk of nest and chick predation. Beach width
was an important determinant of how frequently humans disturbed plovers, and also
influenced nest and chick survival by moderating predator search efficiency. Symbolic
fencing effectively reduced disturbance, though configuration of fencing was more
important than total area fenced, and extra fencing reduced chick survival by increasing
contact with humans and predators in intertidal foraging areas. When high-quality
foraging areas were present, and as those areas became more accessible, chick foraging
efficiency and survival increased. Overall, the modeling framework allowed investigation
and manipulation of multiple important factors in the beach environment. Based on
model results, I make several recommendations for site-specific Piping Plover
management.

1

CHAPTER 1. MODELING THE IMPACTS OF HUMAN DISTURBANCE ON
PIPING PLOVERS: INTERACTIONS BETWEEN PLOVERS, ENVIRONMENT,
AND HUMANS

Piping Plovers (Charadrius melodus) are one of the most well-studied shorebird
species, with major management programs targeted towards protecting nests from
predators and human disturbance. However, all beaches are not the same: environmental
variability may have important impacts on plovers, humans, and their interactions.
Additionally, plovers may vary in how they respond to threats both within and between
sites. The objective of this study was to investigate how beach characteristics, human
disturbance regimes, and variation in plover tolerance of disturbance might all interact to
influence the reproductive success of Piping Plovers. To achieve this objective, I applied
SODA (Simulation of Disturbance Activities), an individual-based model built to
investigate the impacts of human disturbance on wildlife, to Piping Plovers in the beach
environment. Simulations represented a broad range of scenarios, varying most
importantly in the intensity of simulated human beach use and plover tolerance towards
human approach (e.g. flush distance). To investigate environmental variability, imagery
from 15 different Massachusetts beaches was digitized for input into SODA. Outputs
from the model included predicted chick weights across time and the amount of time
adults were disturbed from nests and chicks were disturbed from foraging. Using a linear
mixed model, I analyzed the impacts of plover tolerance, human density, and beach
characteristics on plover reproductive success. Model results suggest that beach width
should be considered in management plans as an important spatial determinant of how
plovers and humans will interact. Additionally, established configurations of symbolic
fencing may require adaptation depending on beach width, beach topography, human
disturbance patterns, and plover tolerance of disturbance. If chicks hatch near high-
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quality foraging areas, promoting or maintaining accessibility of those areas may be
doubly beneficial as both a preferred area for foraging and a refuge from disturbance.
However, when multiple risk factors combine – for example, on narrow beaches with
high recreational use and sensitive plovers – intensive management practices may be
needed to ensure reproductive success. This study highlights the importance of
considering many site-specific factors while managing for Piping Plovers and other
shorebirds. Additionally, this study exemplifies the utility of individual-based modeling
tools for cost-effective exploratory research in wildlife management and conservation.

1.1 Introduction
Piping Plovers (Charadrius melodus) are one of the most well-studied shorebird
species, with major management programs targeted towards protecting nests from
predators and human disturbance (Gratto-Trevor and Abbott 2011). The Atlantic Coast
Piping Plover population is federally threatened (USFWS 1985) due to a variety of
factors, including habitat loss and degradation, disturbance from human recreational
activities on beaches, and increased predator densities caused by anthropogenic activity
(Gratto-Trevor and Abbott 2011, Melvin et al. 1991, USFWS 1996). Management
programs implement measures such as erecting symbolic fencing around nests to keep
humans from stepping on eggs or chicks or disturbing adults during incubation of a nest
(Melvin et al. 1991). Predator exclosures (Melvin et al. 1992, Rimmer and Deblinger
1990) and electric fencing (Mayer and Ryan 1991) are other common techniques to keep
predators from accessing eggs at active nesting sites. However, these management
techniques are not always effective at any given site or time, as they may increase nest
abandonment and adult mortality (Barber et al. 2010, Johnson and Oring 2002, Murphy et
al. 2003). Additionally, severe weather events such as extreme temperatures, rain, tides,
wind, and burying sand can cause widespread reproductive failure despite management
efforts (Harris et al. 2005).
While current management practices have reduced direct human-caused mortality
of Piping Plover eggs and young (Gratto-Trevor and Abbott 2011), many indirect effects
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inhibit productivity. For example, foraging chicks may become alert to incoming human
recreationists and reduce foraging behaviors to favor alert and defensive behaviors like
crouching (e.g. Burger 1991, Flemming et al. 1988). With repeated disturbance, chicks
may not gain enough energy to survive. Adult plovers may respond to humans by
approaching them and exhibiting distractive behaviors, leaving eggs and young
vulnerable to exposure or predation (Burger 1991, Melvin et al. 1991). Humans may also
introduce predators to new locations or facilitate the growth and expansion of predator
populations through discarded food and other garbage, resulting in higher predator
populations and heavier predation pressure (Melvin et al. 1991, USFWS 1996). As a
result of all of these factors, high intensities of human recreational beach use are
generally considered a major threat to plovers at breeding sites, as well as staging and
wintering sites (Gratto-Trevor and Abbott 2011). Thus, as humans continue to utilize the
beach environment, it will be crucial to minimize disturbance of shorebird nesting areas,
and to understand how changing spatial and temporal human use patterns may impact the
behavior and productivity of nesting birds.
In part, variable management success may be a function of natural beach
heterogeneity. Beach spatial and habitat characteristics can affect how plovers and
humans use beaches, as well as how plovers and humans will interact. Every beach is
unique, and prior knowledge of relevant local factors may help to inform efficient and
successful management practices. For example, several studies (e.g. Flemming et al.
1992, Loegering and Fraser 1995, Patterson et al. 1991) have examined beach
characteristics such as presence of high-quality foraging habitat (e.g. tidal flats) and
vegetation and found certain characteristics that benefit or inhibit plover reproductive
success. However, these characteristics may also concurrently affect human use of
beaches and human-plover interactions. For example, beach width influences how closely
and frequently humans will approach plovers (Lafferty 2001), which in turn affects the
size and configuration of symbolic fencing needed to protect nests from disturbance.
Plovers may also differ in their tolerance towards human approach. Since humans
are infrequently a direct threat when beaches are managed for shorebirds, it may be
advantageous for plovers to adapt to their presence. Habituation, where an individual
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gradually shows reduced response to some stimuli, is common throughout the animal
world, and plovers are capable of habituating to humans (Baudains and Lloyd 2007,
Melvin et al. 1992, St Clair et al. 2010). Habituated adult plovers may allow humans to
approach closer to their nests than unhabituated plovers before they flush and perform
distraction behaviors (e.g. St Clair et al. 2010). Similarly, habituated chicks may let
humans get closer to them before they reduce foraging and crouch or flee. This
behavioral flexibility may help to moderate the impacts of human recreational use of
beaches on the behavior and reproductive success of shorebirds.
Piping Plover management comes with many costs. For the U.S. Atlantic Coast
Piping Plover population alone, total expenditures exceed $3,000,000 per year, and every
breeding pair receives around 95 hours of paid-staff effort (USFWS 2009). Additionally,
managing for plovers and other shorebirds inevitably conflicts with recreational use of
beaches. Beach recreationists may face partial or entire beach closures or restrictions on
certain activities during the breeding season, leading to social conflicts between humans
and plovers. Given each of these costs of Piping Plover management, and the unlikeliness
for plovers to maintain productivity without management (Gratto-Trevor and Abbott
2011), it will be important to take a broad perspective and understand how beaches,
humans, and plovers all interact. One potential framework for investigating these
interactions is through individual-based ecology (Grimm and Railsback 2005).
Individual-based models (IBMs) attempt to distill systems down to their basic
individual components and explore how the dynamics of these components lead to
patterns of behavior in the larger system. As many simulated individuals act according to
realistic yet simple rules, complex patterns can emerge over time. Accordingly, IBMs can
be used to investigate how individual behavior and system dynamics are linked (e.g. how
population productivity is determined by the fine-scale adaptive behavior of individuals,
Grimm and Railsback 2005). Individual-based (also known as agent-based) modeling is
used in many disciplines, including business, economics, social sciences, and biology.
Individual-based modeling has been used frequently within ecology to explore issues in
population dynamics, animal movement, landscape and ecosystem ecology, animal
behavior, evolution, genetics, etc. (see Grimm and Railsback 2005). Several individual-

5
based models have been used specifically to explore the effect of anthropogenic
disturbance on shorebird species (e.g. Goss-Custard et al. 2006a,b, Liley and Sutherland
2007, Taylor et al. 2007). Other models have investigated shorebird survival as a function
of interactions of factors like sea level rise, hunting, wind farm development, shellfishing,
changes in sediment level, and human disturbance (Durell et al. 2008, Stillman and GossCustard 2010). Each of these models has helped to inform shorebird management in the
face of environmental and anthropogenic variability and change.
Despite the wealth of literature concerning Piping Plovers, individual-based
modeling has not yet been used in Piping Plover research or management. However, the
IBM framework may be an invaluable tool, allowing investigation of a wide variety of
scenarios which would not be possible to study in the field. An IBM allows control over
how plovers behave, how many and what types of human recreationists are on a beach,
and what habitat characteristics a beach has. In empirical work, this can only be done
observationally, whereas an IBM allows an experimental approach. Additionally, the use
of an IBM can help us to understand how individual beach components function and
interact, leading to complex impacts (e.g. emergent properties) on the system.
Most importantly, an IBM framework allows for investigation and manipulation
of influential factors over multivariate space. Virtual simulations can explicitly
manipulate multiple factors at the same time (e.g. varying virtual plover flush distances
and human densities simultaneously) and examine how these factors interact across
scenarios. This kind of complexity is generally not feasible using traditional field
methods. Accordingly, the IBM framework may be very useful in examining how
different elements of the beach system combine to affect plovers.
For this study, I used the individual-based model SODA (Simulation of
Disturbance Activities, Bennett et al. 2009) to explore how disturbance impacts plovers
as a function of human intensity of beach use, plover tolerance of human disturbance, and
beach characteristics. SODA is a spatially explicit, individual-based model with the
flexibility to simulate a wide variety of species, habitats, and disturbance patterns. SODA
has been used in several case studies investigating the effects of varied types of
disturbance on behavior and reproductive success in several taxa. Some of these studies
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include: 1) investigating the influence of disturbance frequency on the breeding success
of barbastelle bats (Barbastella barbastella) in southwest England (Bennett et al. 2009),
2) comparing different scenarios for human activity and trail/facility design and their
effects on the behavior of Black-crowned Night Heron (Nycticorax nycticorax) nestlings
at a wetland site in Illinois (Bennett et al. 2011), 3) modeling the impacts of road
networks on Indiana bat (Myotis sodalis) foraging behavior (Bennett et al. 2013a), 4)
exploring the implications of recreational disturbance on the endangered Karner blue
butterfly (Lycaeides melissa samuelis) (Bennett et al. 2013b), and 5) evaluating the
potential disturbance to forest bird species resulting from several proposed trail designs in
an Indiana state park (Rodríguez-Prieto et al. 2014). SODA has not been used to model
variation in wildlife habituation in anything more than a cursory fashion, so explicit
attention to plover habituation will be the first rigorous implementation of variable
habituation in SODA.
The objective of this study was to investigate how beach characteristics, human
disturbance regimes, and variation in plover toleration of disturbance might all interact to
influence the breeding success of Piping Plovers. I predicted that model outputs (time
spent flushing in response to disturbance, chick weights) would be impacted by each
predictor variable as following:
1) I predicted that increasing human densities would correspond with more time
spent flushing and lower chick weights.
2) I predicted that increasing plover flush distances (i.e. less tolerance of
disturbance) would correspond with more time spent flushing and lower chick
weights.
3) I predicted a significant interaction between human density and plover flush
distance.
4) I predicted that plovers would spend less time flushing with larger fenced areas
and with a greater direct distance from nests to the edge of symbolic fencing.
5) I predicted that plovers would flush less and have higher weights on wider
beaches.
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6) I predicted that plover chicks would have higher weights with larger and more
accessible high-quality foraging areas.

1.2 Methods
1.2.1

SODA General Introduction
SODA is an individual-based, spatially explicit model built to explore the effects

of spatial and temporal patterns of disturbance on wildlife. Its flexibility in design allows
it to be applied to a wide variety of species, habitats, and disturbances. SODA keeps track
of individual wildlife "objects" (e.g. individual plovers), their behavior and spatial
location at any time, and their responses to habitat and to simulated agents of disturbance.
Individual-level and some population-level responses can be analyzed, from the energy
level (e.g. weight) of an individual at any point in time to the total number of chicks
surviving from a population. SODA is best suited to comparing alternative scenarios of
inputs (disturbance regimes, variation in wildlife tolerance of disturbance, etc.) rather
than providing accurate numerical predictions of, for example, productivity under a
single scenario (Bennett et al. 2009). Accordingly, SODA is an appropriate tool to
explore how certain beach characteristics may interact with different disturbance
scenarios and plover tolerances towards disturbance.

1.2.2

Brief Model Summary
SODA simulations are broken up into timesteps (5-minute intervals for this

study). Every timestep, the status of each individual present in the simulation is updated.
If no simulated humans are on the map, plovers will behave "normally": adults will
incubate nests and chicks will forage or rest/sleep depending on the time of day. Chicks
are parameterized to move and forage realistically within the beach environment (e.g.
stay in good foraging habitat unless disturbed -- see below).
Within SODA, human recreationists of varying types appear at user-specified
locations based upon input maps. The probability of any human "object" appearing
depends on the time of day, overall human density scenario, and type of recreationist (e.g.
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boats are less likely to appear than a walker). Human objects have parameters associated
with how they move and how long they remain in the simulation before they leave the
beach.
When a simulated human approaches a plover, the plover responds to this
disturbance based on parameters for proximity thresholds. At the first threshold, plovers
become alert to the human recreationist. Plover chicks are parameterized to gain less
energy when alert, symbolizing behavioral changes like increasing crouching (Burger
1991, Flemming et al. 1988). At the second threshold, plovers flush in response to human
approach. This represents chicks running to avoid recreationists and plover adults
approaching intruders and exhibiting distraction behaviors (Burger 1991, Cairns 1982,
Flemming et al. 1988).

1.2.3

Model Sites
Piping Plovers nest along much of the Atlantic Coast of the United States and

Canada. In particular, Massachusetts provides habitat for the greatest number of breeding
pairs of Piping Plovers on the Atlantic Coast (Hecht and Melvin 2009, USFWS 2009).
For this study, 15 Massachusetts coastal beaches were selected based on relevance to
recreationists (e.g. beaches with high human-plover conflict), variation in habitat types
and configurations, accessibility of information regarding plover nesting data, and
personal experience monitoring shorebirds on several of them (Cohen pers. obs.). See
Figure 1-1 for a map of beaches modeled and Table 1-1 for a list of beaches used and
their locations.

1.2.4

Scenario Inputs
Simulations lasted for 30 days. This is approximately the length of time adults

spend incubating nests before eggs hatch and slightly longer than chicks take to fledge
(Cairns 1982). The two phases were modeled simultaneously. For each nest location, one
adult incubated eggs while, at the same time, four chicks tied to that nest location foraged
and grew. Piping Plover adults share incubation duties -- often one adult will incubate the
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nest while the other forages (Burger 1991, Cairns 1982). In effect, one adult is generally
on the nest, so only one adult was modeled. One issue is that while plover chicks are
precocial, their parents still guide them to appropriate foraging areas and guard them
(USFWS 1996). SODA does not have the capability to synchronize the movements of
multiple wildlife objects. Instead, all simulated animals move stochastically (see section
1.2.6.2), and what happens to independent virtual chicks as they range widely throughout
the simulated beach environment can be considered a combined picture of what actual
plover groups may encounter in their individual section of a beach.

1.2.5

Map Inputs
In SODA, there are three types of map input for each simulation: point maps, line

maps, and polygon maps (explained below). For each of the 15 beaches modeled, unique
maps of each type were generated. First, aerial imagery was obtained from either Google
Earth or from the Massachusetts Office of Geographic Information (MassGIS) website,
USGS 2008/2009 Color Ortho Imagery survey (http://www.mass.gov/anf/research-andtech/it-serv-and-support/application-serv/office-of-geographic-informationmassgis/datalayers/layerlist.html). Second, relevant portions of each beach were selected
to model based on known plover nesting areas, beach topography, size, and variation in
habitat features. Third, each beach was digitized using ArcGIS to differentiate relevant
habitat types/beach parts (polygon shapefiles, see Figure 1-2). Finally, point and line
shapefiles were created as necessary to populate maps with plover and human objects
(Figure 1-3).
1.2.5.1 Point Maps
Point maps set up nest locations for adult plovers, starting/resting locations for
chicks, and starting locations for all possible human recreationists (Figure 1-3). Plover
nests were created at a density of roughly 1 nest per 500 linear meters of beach (K.
Parsons pers. comm.). Nest points were generated randomly within suitable habitat (e.g.
open beach between dunes and the high tide line), and regenerated if needed to ensure
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proper distances from neighboring nests (Elias-Gerken et al. 1995). Each nest was
associated with 1 adult and a brood of 4 chicks.
Seven types of virtual human recreationists were generated by point maps (Table
1-2). These categories do not capture every possible type of recreationist but simulate a
variety of potentially important types of disturbance. The seven types included:
1) Walkers – humans moving at a moderate speed and relatively straight down
the beach
2) Runners – moving at a quick speed and straight down the beach
3) Dog-walkers – moving at a moderate speed and relatively straight
4) Boats – moving at a moderate speed in the ocean near the beach
5) Anglers (Recreational fishers) – remaining mostly stationary at the water’s
edge
6) Sunbathers – remaining in one spot on the open beach
7) Bird-watchers – moving relatively slowly in a meandering fashion
Behavior, locations, and densities for human point recreationists were created
based on personal observations from the recreational beach season of 2011 on Martha’s
Vineyard, MA (Cohen pers. obs.). Points for potential human recreationist starting
locations were generated according to the following criteria:
1) Boat points were generated at random locations in open ocean polygons at a
density of 1/500m of beach length simulated.
2) Angler points were generated at random locations at a density of 1/50m along a
line at the water’s edge.
3) Other points were generated randomly at a density of 1/10m (with respect to
beach length) in open beach and intertidal areas. Out of these points, 40% were assigned
to walkers, 30% to sunbathers, 15% to dog-walkers, 10% to runners, and 5% to birdwatchers. Points were divided between open beach and intertidal areas to represent where
specific types of recreationists would likely be located. Specifically, open beach areas
were randomly assigned 60% of bird-watchers, 33% of dog-walkers, 100% of sunbathers,
and 40% of walkers, while intertidal areas were assigned 40% of bird-watchers, 100% of
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runners, 67% of dog-walkers, and 60% of walkers. On beaches with easily accessible
freshwater ponds, bays, etc., a random selection of 10% of all points were placed along
the freshwater beach instead of the main beach. This represents the fact that plovers are
typically disturbed by humans much less when not on the ocean-side beach (Goldin and
Regosin 1998).
Starting locations were generated in this way to ensure that potential disturbance
of all types would vary spatially and temporally in each simulation, both within and
between beaches. Other parameters for each type of point recreationist, including length
of persistence in a simulation, determined the actual density of different types of
recreationist on a beach at any given point (Table 1-2).

1.2.5.2 Line Maps
Line maps give SODA the capability to model humans moving on certain paths
(e.g. trails, roads). In this study, the only paths modeled were vehicular traffic on roads or
parking lots for four relevant beaches. [See Table 1-2 for parameters associated with
vehicle objects.] A line was drawn over roads/lots to serve as input into SODA, and
vehicles moved along that line. For the other beaches, which either didn't have roads in
the area modeled or had roads far away from nesting sites, line maps were not utilized.
1.2.5.3 Polygon Maps
Polygon maps delineated beaches into different habitat types, including open
water, intertidal area (including wrack), open beach, dunes, marsh/tidal flats, and
freshwater pond areas. See Figure 1-2 for an example polygon map and Table 1-3 for
more detail on the habitat types and parameters associated with each habitat type.
Fenced areas were delineated around nest locations. Fenced areas stretched
roughly 40-60 meters in each direction (not necessarily centered on the nest), dependent
on local factors like major entrances to the beach, shape of dunes, etc. These areas
differed in how far towards the water they extended based upon where fencing could
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actually be put in place and stay intact (essentially a factor of beach width). This ensured
a range of variability in how fences were spatially configured around nests.

1.2.6

Parameters for Plovers
Plover parameters in SODA simulations can be grouped into the following

categories: behavioral modes, movement, reactions to disturbance, energetics, activity
cycles, and mortality.
1.2.6.1 Behavioral Modes
At any point in a simulation, plovers could be in any of five behavioral modes:
foraging, sleeping, alert, fleeing, or homing. While sleeping, plovers remained on nests
unless disturbed. While foraging, plovers moved at a rate of 25 meters per timestep and
gained energy according to the habitat they were in (base of 0.007 grams per timestep x
habitat type multiplier, see Table 1-3). When alert, plovers remained in the same location
and had reduced energy gain (base of 0.0035 grams per timestep x habitat type multiplier,
no energy gain if during sleep period). When fleeing, plovers flushed in response to
disturbance (10 meters per timestep) and had no change in energy. When homing, plovers
moved rapidly (200 meters per timestep) towards the home site (nest) to sleep or rest.

1.2.6.2 Movement
In SODA, movement while foraging is carried out via a correlated random walk
parameter where turning angles in consecutive timesteps are sampled from a wrapped
Cauchy distribution (see Bennett et al. 2009). For this parameter, a value of 1 represents
perfect correlation in movement and a value of 0 represents no correlation between
timesteps. For plovers, the value that optimized movement at a 5-minute step interval was
0.6. This provided a compromise of not exceeding maximum reported values for how far
chicks moved from their original nest locations (about 1 km, USFWS 1996) while still
allowing chicks to access foraging areas that may not be in the immediate vicinity of the
nest without explicit direction, since chicks are highly mobile and will move towards
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foraging areas shortly after hatching (USFWS 1996). In a similar fashion, distance moved
per timestep while foraging was optimized at 25 meters. While alert, animals remained in
place. Distance moved while flushing was set to 10 meters per timestep, signifying some
movement but the potential to stand still/crouch or move in multiple directions.
Movement parameters also included probabilities of entering different habitat
types. In order to model plover chicks realistically, preference was given to high-quality
foraging areas. Specifically, when encountering boundaries between two different
habitats, chicks had a 20% chance (per encounter) to leave intertidal foraging areas for
any other type of habitat, and a 10% chance to leave the highest-quality foraging areas
like mudflats. Chicks had a 20% chance to cross into dunes from the open beach if a
foraging area was on the other side of the dunes, and otherwise a 10% chance to enter
accessible dunes. Areas of the beach that would be topographically inaccessible (e.g.
highly-sloped dunes) were given probabilities of 0 to enter. Additionally, certain dunes
were limited in how far chicks could enter (e.g. back areas made inaccessible) to reduce
chicks getting stuck in the dunes. Chicks had a 0% chance to enter open water (e.g.
ocean). Plover adults stayed on nests unless flushing, and were only restricted from
entering open water.

1.2.6.3 Reactions to Disturbance
These parameters were critical inputs, as they represent the crux of how
disturbance in SODA functions. These parameters included flight initiation distance, alert
distance, number of timesteps to flee, and number of timesteps latent for each type of
recreationist.
1) Flight initiation distance (FID): Plover flushing distances vary widely by
individual, site, and other factors. As one of the main explanatory variables used for this
study, this parameter was set to represent a range of potential distances as reported in the
literature (e.g. Flemming et al. 1988, see USFWS 1996 for a summary of several
sources). Four different sets of values for these distances were established (Table 1-4),
representing realistic variation but falling in the middle of the extreme values reported in
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the literature. These values were static throughout simulations and will be referred to as
“tolerance”, recognizing the fact that habituation is a dynamic and complex process
(Blumstein 2014) while still allowing exploration of different sensitivities to human
disturbance. Chicks were set to be slightly less tolerant of human approach than adults
(Baudains and Lloyd 2007, USFWS 1996). Note that FID will be used to refer to
distances at which plovers flush, regardless of whether this involves actual flight.
2) Alert distance: Estimates for Piping Plover alert distances are rarely reported.
Therefore, alert distances were set to twice the flight initiation distance. This conforms to
the "fixed-slope" rule where flight initiation distance is roughly 44% of detection distance
across many species (Gulbransen et al. 2006, Whitfield et al. 2008).
3) Number of timesteps to flee: This parameter was set to 1. Plovers are highly
mobile and quick to resume normal activities after human disturbance (Burger 1991,
Flemming et al. 1988). On a 5-minute timescale, anything more than a timestep per
disturbance event would represent excessive sensitivity. However, plovers could spend
consecutive timesteps fleeing if they were still being disturbed the following timestep.
4) Number of timesteps latent: This parameter was set to 0, as on a 5-minute
timescale, the amount of time taken by fleeing would encompass the entirety of plover
response to disturbance.
5) Variation by type of recreationist: Base parameters for flight initiation and alert
distances were applied to contact with bird-watchers, walkers, runners, and boats (Table
1-4). Distances were increased slightly (i.e. less tolerance) for dog-walkers (Lafferty
2001, USFWS 1996). Distances were decreased slightly (more tolerance) for the more
stationary anglers and sunbathers, as they were not actively moving towards plovers.
Distances for cars were much smaller, and enforced roads as a barrier to movement rather
than making plovers take flight from far away.
1.2.6.4 Energetics
Adult plovers were set to weigh 53 grams throughout the simulation (Dunning
2008). Plover chicks started the simulation at 7 grams (approximate weight at hatching –
Cairns 1982, Le Fer et al. 2008, Powell et al. 1997) and gained energy on a per-timestep
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basis depending on behavioral mode (see section 1.2.6.1) and immediate habitat type
(Table 1-3).

1.2.6.5 Activity Cycles
Adult plovers were set to remain on the nest at all times. Plover chicks were set to
forage for 14 hours a day and rest for 10 hours a day. In reality, this process is dynamic,
dependent on tidal cycles, temperature, reliance on being brooded by parents, energetic
requirements, and potential threats. Plover chicks need to forage a lot to survive, but
foraging areas are not always accessible, nocturnal foraging may be difficult for their
visual hunting strategy, and chicks spend plenty of time resting, being brooded, evading
predation, etc. Plovers do forage at night (Staine and Burger 1994), but detailed
observations of activity cycles throughout the day and night are not available in the
literature. In the absence of data on daily activity patterns, plovers were set to be active
from 1 am to 3 pm. This was to ensure that plovers would experience a range of
disturbance throughout the day (Figure 1-4), from no disturbance to high disturbance,
during both periods of activity and inactivity.
1.2.6.6 Mortality
While nest failure and chick mortality are important to the functioning of plover
systems (Ivan and Murphy 2005, Lauro and Tanacredi 2002, Patterson et al. 1991),
neither were explicitly modeled in this study (but see Chapter 2 for a model that does
include predation). There were several reasons mortality was not included. Most
importantly, SODA does not explicitly model predators. Human influences are generally
indirect on managed beaches (i.e. no direct mortality from off-road vehicles due to
seasonal or spatial restrictions on their use). While human presence may be negatively
correlated with plover productivity, this is difficult to model without simulated predators.
Additionally, there is no mechanism for nest failure in SODA, and no capability to
explicitly decrease risk of chick mortality by age, as is seen in actual plover chicks
(Colwell et al. 2007, Loegering and Fraser 1995, USFWS 1996). However, even if this
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functionality was present in SODA or developed outside and applied to SODA output, it
would not necessarily be helpful or even appropriate for inference. While mortality itself
is the measure that determines reproductive success, there is not enough information in
the literature to form a detailed basis for how human disturbance and mortality relate
without explicitly modeling predators. Rather than claiming any knowledge about the
impacts of disturbance on proximate nest or chick mortality, I point to outputs like
weights and time disturbed as important correlates.

1.2.7

Parameters for Human Recreationists
Human recreationists in SODA behaved according to several parameters. Each

type of recreationist had a set of parameters associated with its movement (Table 1-2).
All human objects also had multipliers for probability of appearing per timestep based on
time of day (Figure 1-4) and overall human density scenario (Table 1-5). Relevant
parameters included:
1) Random walk correlation: Recreationists moved using the same random walk
correlation as plovers (see section 1.2.6.2). Recreationists moving mostly straight down a
beach, like joggers, were represented by a value of 0.9, while recreationists that could
meander like bird-watchers were represented by a value of 0.5.
2) Distance traveled per timestep: the fastest-moving recreationists were runners
that moved at a rate of 500 meters per timestep, while the slowest were stationary
recreationists (e.g. sun-bathers) who moved at 1 meter per timestep.
3) Habitat crossing probabilities: here I controlled which beach areas each type of
recreationist would enter. Boats stayed in open water. Walkers, bird-watchers, dogwalkers, and sunbathers could move between open beach and intertidal areas freely.
Anglers stayed within intertidal areas and the edge of open water (e.g. standing just into
the ocean). Runners stayed solely within intertidal areas. Any recreationists on the open
beach had a 0.5% chance to enter a symbolically fenced area if encountered. This
acknowledges the fact that symbolic fencing does not always keep people outside of nest
areas (Cohen pers. obs.).
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1.2.8

Model Outputs
Each timestep, SODA writes a line of output for each wildlife "object". This

includes the individual's location, habitat type of that location, behavioral state (e.g.
foraging, alert, sleeping), and current weight. At the end of a simulation, this output can
be aggregated and summarized to characterize behavioral and movement patterns and
foraging success. These measures can then be analyzed in relation to each of the input
parameters. Measures like foraging success, as well as correlates to those measures (e.g.
time spent flushing in response to different disturbance events) can be compared between
scenarios.

1.2.9

Study Design
I simulated 15 beaches, 5 levels of potential human recreational density, and 4

levels of potential plover tolerance, for a total of 300 combinations of the main
explanatory variables. Replicating each scenario 5 times (to account for model
stochasticity), this resulted in 1500 unique simulations.
With 77 different nest groups across the 15 beaches and 100 scenarios for each
nest group (5 levels of human density x 4 levels of tolerance x 5 replicates), 7700 unique
adults and 30,800 chicks were simulated. Of the 30,800 chicks, 56 were removed from
the final dataset due to a bug where output stopped updating prior to the end of the
simulation.
Three response variables were selected to characterize the impacts of disturbance
on plovers. These variables were: amount of time (number of timesteps) adults spent
flushed off nests in response to disturbance, amount of time (number of timesteps) chicks
spent flushing in response to disturbance, and final chick weight (grams) at the end of the
30-day period.
For each beach, several characteristics were measured as predictor variables.
Continuous variables included beach width (area between dunes and intertidal zone),
intertidal zone width (this included wrack and signified where a large portion of
simulated foraging would take place), distance of each nest to the closest unfenced point
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and thus the nearest point of possible human disturbance, total area fenced around each
nest, the distance from each nest to a high-quality foraging area if present, and total area
of high-quality foraging habitat (if present) on a beach divided by the length of the beach.
Factor variables included whether or not nests were in dunes and if high-quality foraging
habitats (e.g. freshwater intertidal zones) were available or if plovers were limited to an
ocean-adjacent beach. Not all predictor variables were analyzed in each test – statistical
models only included those predictor variables I predicted may be important for the
response variable of interest.

1.2.10 Statistical Analysis
For each response variable, I analyzed the effects of each relevant explanatory
variable using a mixed model approach in R. Chick weights were analyzed using linear
mixed effect models (package “nlme”), and the number of timesteps plovers spent
flushing was analyzed using generalized [Poisson] mixed effect models (package
“lme4”). I included an interaction term between human density and plover tolerance, the
two main quantitative factors I manipulated as part of the study design. Continuous
variables were standardized in order to be able to compare coefficients as a measure of
effect size. Specifically, variables were centered on the mean and then divided by two
times the standard deviation of the variable. This allows for a direct comparison between
the coefficients of the standardized continuous predictors and the untransformed factor
[binary] predictors (Gelman 2007). I also calculated correlation coefficients between each
predictor variable to ensure that multicollinearity did not affect coefficient values. The
threshold for discarding a predictor was a correlation of 0.7 or higher.
In each model, I included a random effect [intercept] for each nest, corresponding
with each individual adult or each group of four chicks from the same nest. Since nests
were randomly placed and spatial variability was partially characterized by predictor
variables, the inclusion of a random effect helps to explain residual variation that can be
attributed to the nest group. Additionally, by accounting for pseudoreplication, the
inclusion of a random effect helps to negate the problem of over-replication in simulation
data causing non-meaningful significant results (White et al. 2013).
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1.3 Results
1.3.1

Summary Statistics
Across all scenarios, plover adults spent between 0 and 3,907 timesteps flushing

over the course of the 30-day (8,640 timestep) simulations. The median number of
timesteps spent flushing was 257, the mean was 634, and the standard deviation was 828.
See Figure 1-5 for a histogram of this response variable.
Chicks spent between 0 and 4,108 timesteps flushing over the course of the 30day (8,640 timestep) simulations. The median number of timesteps spent flushing was
493, the mean was 809, and the standard deviation was 842. Chicks spent more timesteps
flushing than adults since chicks foraged outside of the nesting area in areas where they
overlapped with human recreationists. See Figure 1-6 for a histogram of this response
variable.
Final chick weights at the end of the 30-day simulations across all conditions
ranged from 20.6 grams to 57.0 grams, with a median of 33.3 grams, a mean of 33.7
grams, and a standard deviation of 5.45 grams. Note that no chicks died in simulations,
and in reality, chicks at the lower end of this range would not have survived 30 days. See
Figure 1-7 for a histogram of this response variable.

1.3.2

Correlations
The highest correlation between any of my variables was roughly 0.6 between

beach width and fenced area, i.e. wide beaches allow more space for symbolic fencing
around nests. As no correlations above 0.7 were found, no explanatory variables were
discarded.

1.3.3

Statistical Tests
Standardized coefficients, errors, and p-values for statistical models of each

response variable are reported in Table 1-6. An additional visual summary is provided in
Table 1-7, which highlights which factors were important (e.g. highest effect sizes)
across response variables in each analysis.
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1.3.3.1 Adult Plovers Flushing off Nests
Significant predictors included human density (beta = 1.22, p < 0.001), plover
FID (beta = 1.75, p < 0.001), beach width (beta = -0.56, p = 0.043), and the distance of
nests to the closest unfenced point (beta = -1.44, p < 0.001). Adults flushed more
frequently with higher human density, a higher FID, narrower beaches, and decreasing
distance from nests to the edge of symbolic fencing. See Figure 1-8 for a summary of
how distance to disturbance influenced how much time plovers spent off nests.
The two-way interaction between human density and plover FID was highly
significant (beta = -0.17, p < 0.001, see Figure 1-9). At low human densities, there was
little difference in how much plovers flushed based on FID. When plovers were more
tolerant of human approach (e.g. low FID), plovers spent little time flushing even in high
human density scenarios. However, when plovers were less tolerant, they spent
significantly more time responding to disturbance in higher human density scenarios,
although there were diminishing returns for each increased level in human density.
1.3.3.2 Chicks Flushing in Response to Disturbance
As with adults, significant predictors for chick flushing included human density
(beta = 1.2, p < 0.001), plover FID (beta = 1.33, p < 0.001), beach width (beta = -0.49, p
= 0.002), and the distance of nests to the closest unfenced point (beta = -0.44, p < 0.001).
The two-way interaction was highly significant (beta = -0.2, p < 0.001) and showed the
same pattern as with adults. Chicks flushed more frequently with higher human density, a
higher FID, narrower beaches, and decreasing distance towards the edge of symbolic
fencing (since chicks returned to the nest to rest). Furthermore, chicks flushed less
frequently when a high-quality foraging area was present (beta = -0.31, p = 0.002). See
Figure 1-10 for a summary of how beach width influenced how frequently plover chicks
flushed.
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1.3.3.3 Chick Weights
1. Weights across all beaches:
Significant predictors included human density (beta = -4.12, p < 0.001), plover
FID (beta = -3.95, p < 0.001), the distance of nests to the closest unfenced point (beta =
2.78, p = 0.014), width of intertidal foraging areas (beta = 3.72, p = 0.001), and the
presence of a high-quality foraging area (beta = 6.02, p < 0.001). Chicks weighed more
when human density was lower, plovers allowed closer approach of humans before
flushing, nest space was further away from potential disturbance, intertidal areas were
wider, and a high-quality foraging area was accessible.
The two-way interaction between human density and plover FID was highly
significant (beta = -3.21, p < 0.001, see Figure 1-11). At low human densities, FID had
little impact on chick weight. When plovers were more tolerant of human approach (e.g.
low FID), there was little difference in chick weights between low and high human
density scenarios. However, when plovers were less tolerant, chicks weighed
considerably less in higher human density scenarios, although there were diminishing
returns for each increased level in human density.
2. Weights on subset of beaches with high-quality foraging area:
In this model, I retained the important factors from the previous model and
analyzed the importance of two additional factors – distance to high-quality foraging
areas and a measure of the amount of foraging area available (total area divided by beach
length) – in the subset of beaches that did have additional foraging areas present. This
included 10 of the 15 beaches and 52 of the 77 nest groups. The distance from nests to
high-quality foraging areas had a significant impact on chick weights and was in fact the
most important factor in the model (beta = -6.09, p < 0.001), while the amount of
foraging area was not a significant factor (beta = 0.93, p = 0.293).
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1.4 Discussion
The results of this study highlight how a variety of factors simultaneously impact
plovers in the beach environment. As I predicted, plovers benefited (in terms of the
response variables) from decreasing human densities, reduced FIDs, wider beaches, and
more accessible foraging areas. Interestingly, total area of symbolic fencing and highquality foraging areas did not have notable impacts on model results, as fencing
configuration and foraging area accessibility were considerably more important.
Regardless, this model illustrates how the complexity of the beach environment affects
plover behavior and energetics and ultimately plover productivity.
Simulations in this study covered a wide range of scenarios for the magnitude of
the impacts of human disturbance. These scenarios ranged from virtually no disturbance
(resulting in high weights and little time spent flushing) to greater disturbance than might
be found empirically (resulting in low weights and considerable time spent flushing). The
simulated range of final weights (Figure 1-7) was relatively consistent with various
studies observing plover chick growth (Cairns 1982, Le Fer et al. 2008, Powell et al.
1997). The lower end of the range of chick weights (especially chicks below 30 grams)
represents chicks that likely would not have survived, but since chicks did not die in these
simulations, they can be considered an extrapolation of what non-surviving chicks might
weigh in a 30-day period given their beach environment, disturbance regime, and
sensitivity to disturbance.
Several empirical studies have shown that plovers may spend 50% or more of
their foraging time distracted from direct feeding behaviors if enough humans are present
(e.g. Burger 1994, Flemming et al. 1988). In my simulations, the most disturbed plovers
peaked at 46-47% of the entire simulation flushing (Figures 1-5 and 1-6). These plovers
were almost constantly surrounded by recreationists, which they had perfect detection of
and flushed from quickly. This is plausible on a small timescale (i.e. a 2-minute time
budget during the afternoon), but over the course of a breeding cycle, this degree of
disturbance is not likely to be found empirically. Thus, simulations likely covered the
entire spectrum of probable human disturbance regimes. Simulations also allowed me to
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test scenarios that have not been reported but may occur as a result of sudden changes in
human use of beaches, lack of suitable habitat to which plovers can escape, etc.
Human density and plover FID were important factors in every model (supporting
predictions 1 and 2). Empirically, these two factors are relatively easy to measure (e.g.
knowing the historic popularity of beaches for recreational use, measuring plover FID at
the beginning of a breeding season – assuming you know how it may or may not change
over the course of the season). Accordingly, accounting for these two characteristics can
provide a basic, yet powerful framework for predicting the magnitude of disturbance at a
particular site or time. Furthermore, the interaction term between the two factors was
significant in every model (supporting prediction 3). Low FIDs showed linear changes
over human density levels, while higher FIDs showed greater changes between human
densities that started to level off as human densities increased, suggesting a gradually
diminishing effect of increased human abundance (Figures 1-9 and 1-10). High FID and
high human density combined to have a magnified negative impact on plover behavior
and energetics. This is an interesting interaction effect to consider as human presence on
beaches can vary drastically by site and even within a season on individual sites.
One of the strengths of individual-based models is the opportunity for unexpected
or unspecified (e.g. not hard-coded) properties to emerge from simulations (Grimm and
Railsback 2005). While plover FID and human density were expected to have negative
consequences, controlling for these effects allowed me not only to quantify trends
between the two factors but also allowed each of the other factors I included to influence
simulation results in ways that were not hard-coded into models. For three of four
response variables (chick flushing being the exception), at least one other factor was as
important (in terms of standardized effect size) or more important than human density or
plover FID. Indeed, several additional factors emerged as important, including
characteristics of symbolic fencing around nests, beach width, and characteristics of
foraging areas beyond the ocean intertidal zone.
Symbolic fencing is an important management tool used to keep humans outside
of plover nesting areas (USFWS 1996). However, analysis and reports of plover nesting
success as a function of symbolic fencing characteristics (e.g. configuration) are rare.
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USFWS guidelines suggest that a 50 meter buffer area around nests should protect most
nests from disturbance (USFWS 1994). In virtual simulations, disturbance to incubating
adults was minimized at exactly this buffer distance (Figure 1-8), providing a powerful
validation for this model application. Furthermore, the modeling framework allowed
explicit analysis of variation in fencing characteristics. On simulated beaches, total
fenced area did not impact any of the response variables, but the direct distance from the
nest to the closest edge of the fence had an important effect on all variables (partially
supporting prediction 4). For chicks, this effect may be overstated since SODA
simulations assumed chicks returned to the nest location to rest, while this may not be the
case empirically, especially as chicks age. Regardless, this suggests that configuration of
symbolic fencing is very important, more so than just fencing all area potentially suitable
for nesting. Simply due to the nature of the beach environment, fencing can only project a
certain distance to the ocean (e.g. < 50 meters) before reaching wetter zones where it will
not stay intact. In many cases, the amount of fencing that is practically possible is not
enough to protect plovers from head-on disturbance. Thus, narrower beaches may require
different management strategies than wider beaches where fencing is more effective.
Beach width influenced the degree to which plovers flushed (supporting
prediction 5, though this was not a smooth linear effect, see Figure 1-10), and intertidal
width influenced chick weight gain. The latter effect may be at least partially exaggerated
due to the modeling framework (i.e. movement by random walk correlation steps rather
than actual decision making by chicks or guidance by parents), but both effects bring up
important points. Wide beaches may help to reduce disturbance in multiple ways. Wider
beaches allow for more fenced space around nests, reducing the proximity of
recreationists to nesting plovers. Additionally, assuming the same number of humans,
wider beaches allow for more dispersion of recreationists, so people may pass by nests
further away -- particularly recreationists that stay close to the water. On a narrow beach,
every person that passes a nest may disturb an incubating plover since they inevitably
come close to the nest, while on a wider beach, people can pass without disturbing the
nest. Chicks may also benefit from wide beaches while foraging, as humans can pass by
without disturbing them, and chicks may not be easily trapped by topology (e.g. being
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pushed against unclimbable dunes or the water’s edge). Indeed, when simulated intertidal
areas were wider, chicks showed increased foraging efficiency as they were less likely to
leave for poorer foraging areas. Beach width is an important determinant of how beach
inhabitants will interact but is only occasionally considered in plover management
(Harris et al. 2005, Lafferty 2001)
As expected, the presence of foraging areas beyond the ocean-adjacent beach,
such as freshwater ponds, had a substantial benefit to chicks. This effect has been
frequently reported empirically (e.g. Cohen et al. 2009, Elias et al. 2000, Fraser et al.
2005, Loegering and Fraser 1995, Patterson et al. 1991). The presence of a high-quality
foraging area was the most important factor influencing simulated chick weights.
Furthermore, when one of these areas was present, it also served as a refuge from
disturbance, since fewer simulated recreationists used these areas. On beaches with a
high-quality foraging area, accessibility of that area (distance from the nest) was the most
important factor influencing chick weights, while the amount of foraging area itself was
unimportant (partially supporting prediction 6). In SODA, chicks return to their nest
location at the end of their daily activity period, which may not be the case empirically.
However, virtual chicks could move large enough distances each day to access foraging
areas that were not in the immediate vicinity of the nest (e.g. 1 km). While this model is
limited by a central location for plover chicks, the point is important – good habitat
means little if chicks cannot access it. Accessibility encompasses distances as well as
topography and disturbance. Management aimed at increasing accessibility of important
beach areas (i.e. producing disturbance-free corridors) may be very beneficial to chick
survival. Conversely, on beaches where chicks cannot access any area beyond the ocean
intertidal zone, perhaps special emphasis needs to be placed on protecting plover chicks
from disturbance.
An important caveat of this model application is that I did not include predation
(but see Chapter 2). While these results are interesting and useful in the absence of
predators, they also have implications when thinking about the entire system that includes
both humans and predators. When considering actual survival, beach characteristics and
disturbance regimes may play a large role. Humans may distract plover adults and leave
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nests and chicks exposed, but perhaps in certain situations, humans also disturb predators
or deter them from beach areas altogether. Perhaps in some situations high human
densities may have a protective effect on plovers, if plovers can tolerate humans (e.g.
through habituation).
Furthermore, beach characteristics may influence predation success. Wide
beaches may reduce efficiency of predators (Harris et al. 2005), and beach width may be
a crucial factor when considering the use of predator management on a particular beach.
Furthermore, individual predator species may prefer different areas of the beach. If a sitespecific predator spends little time in an area most suitable for plover foraging, perhaps
chicks benefit incrementally from having a refuge from both humans and predators.
Beaches where plovers can nest or take refuge from predators in dunes may require less
management than beaches without accessible or suitable dune areas. However, when
plover- and predator-preferred habitats overlap, predator management may be needed
most.
Another point to consider is that this study modeled plover tolerance of
disturbance as static distances at which plovers responded to approaching humans. In
reality, the concept of habituation is a lot more dynamic and complex (Blumstein 2014).
Habituated plovers may spend less time leaving nests and/or chicks exposed or being
distracted from foraging, and habituation may serve as an adaptation in the face of high
human presence. However, habituation may have other implications. For example,
“habituation” may mean that animals have no better habitat to move to (Gill et al. 2001)
or are in poor physical condition and have more to lose by responding to disturbance
(Beale and Monaghan 2004). Plover responses to humans and to mammalian predators
are linked, so perhaps habituating to human presence may mean habituating too much to
an actual predator (St Clair et al. 2010), decreasing productivity. Habituation may have
negative physiological impacts on plovers and other species when disturbance is high,
including increased cardiac rhythm or stress hormones (Blanc et al. 2006), which may
lead to decreased long-term productivity even if they appear to be successfully coinciding
with humans. On a measurable scale, it is likely that habituation will be an important
adaptation moderating the negative effects of human disturbance (Baudains and Lloyd
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2007). However, more research is needed to explore the implications of shorebird
habituation on both short-term and long-term reproductive success.
The beach characteristics I included in this study are all potentially important, but
do not form an exhaustive list of factors to consider while managing beaches. Many other
beach factors have important impacts on plovers and their interactions with
people/predators, including [but not limited to]: vegetation/beach substrate (Burger 1987,
Gaines and Ryan 1988), presence of Least Tern (Sternula antillarum) or other tern
colonies which may provide antipredator benefits (Burger 1987, Lauro and Tancredi
2002), local predator species (Ivan and Murphy 2005, Lauro and Tancredi 2002),
seasonal and site-specific weather (e.g. storms, periods of extreme temperatures: GrattoTrevor and Abbott 2011, Harris et al. 2005), daily heat patterns (Yasue and Dearden
2006), temporal variation in water levels (e.g. tide cycles: Gratto-Trevor and Abbott
2011, Harris et al. 2005), creation of new habitat by storms or artificial means (Catlin et
al. 2011, Cohen et al. 2009, Maslo et al. 2011), and adult mortality within the breeding
season (Roche et al. 2010).
By using this individual-based modeling framework, I have shown how many
factors – environmental, human-related, and plover-related – each interact to influence
plover behavior and energetics. Moreover, this model establishes many points of
consideration for plover management. For example, on wider beaches with relatively low
predation pressure and at least somewhat tolerant plovers, the establishment of symbolic
fencing may be sufficient to protect nests, even with high densities of humans.
Additionally, analysis of the effectiveness of different configurations of fencing may help
to create an optimal trade-off between protecting nests and not intruding into unneeded
space. This would allow human recreationists to utilize the beach with minimal
restrictions, avoiding social conflicts. Furthermore, once chicks hatch, if they can utilize
habitat beyond the ocean-adjacent beach, this habitat will be vital not only for foraging
but as a refuge from disturbance. Management to produce or maintain corridors to these
areas may be more useful than recreational restrictions. However, if plovers are sensitive
to disturbance (e.g. high FID), especially when beaches are narrow and no alternative
habitats are present, restrictions on human presence may be needed most. Alternatively,
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perhaps plovers may be deterred from high-risk beaches towards more suitable sites at
the beginning of the breeding season.
This study reinforces the value of individual-based ecology for informing
management of coastal shorebirds (Stillman and Goss-Custard 2010). Individual-based
modeling tools are a valuable addition to the many empirical and virtual methods for
studying Piping Plovers, and this model application serves as an example of how they
may be used. As this study shows, when working to ensure Piping Plover reproductive
success, it will be important to understand how each individual beach and its inhabitants
interact to form a system, and then to consider a variety of factors in concert to optimize
beach management.
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Table 1-1. Names and locations of beaches modeled in simulations.

Beach
Coast Guard Beach
Crane Beach
Duxbury Beach
East Sandwich Beach
Great Point
Harthaven
High Head Beach
Jeremy Point
Joseph Sylvia State Beach
Parker River NWR
Quansoo
Revere Beach
South Beach / Monomoy NWR
West Dennis Beach
Wood End / Long Point

Location
Eastham, MA
Ipswich, MA
Duxbury, MA
Sandwich, MA
Nantucket, MA
Oak Bluffs, MA
Truro, MA
Wellfleet, MA
Oak Bluffs/Edgartown, MA
Newbury, MA
Chilmark/West Tisbury, MA
Revere, MA
Chatham, MA
West Dennis, MA
Provincetown, MA
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Table 1-2. Types of human recreationists modeled and parameters associated with each.
Note that the overall average density parameter represents the maximum density – at the
peak of the day and in the highest density scenario – and is determined by several
parameters including the number of potential starting points for that recreationist type, a
probability of a recreationist entering at any of those points, and timesteps active in the
simulation.

Type

Random Walk Distance Traveled Timesteps
Correlation
per Timestep
Persisted in
(meters)
Simulation

Bird-watcher
Boat
Dog-walker
Fisher
Runner
Stationary
Vehicle
Walker

0.5
0.5
0.8
0.5
0.9
0.5
N/A
0.8

50
200
200
5
500
1
5000
200

6
2
4
6
2
6
1
4

Overall Maximum
Average Density
per kilometer per
timestep
0.9
0.16
2.4
1.2
1.2
10.8
10
9.6
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Table 1-3. Habitat types, number of modeled beaches that had this habitat type (out of
15), and associated foraging parameter (Cohen pers. obs., Fraser et al. 2005, Goldin and
Regosin 1998, Loegering and Fraser 1995, Maslo et al. 2011)

Habitat Type

Number of Beaches
Present (Not
always accessible)
Dunes
15
Fenced (Beach)
15
Intertidal Zone, including wrack (Ocean)
15
Freshwater Pond/Bay Intertidal Zone
6
Open Beach
15
Open Water
15
Other High-quality Foraging Area (e.g. mud flats) 5
Road
4
Urban/Developed/Buildings
5

Multiplier
for Energy
Gain
0.33
0.5
1
1.5
0.5
0
1.5
0
0
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Table 1-4. Plover flight initiation distances (meters) in response to human approach.
These distances varied by plover tolerance scenario, chick vs. adult, and by type of
recreationist approaching (see Table 3 in USFWS 1996, also Baudains and Lloyd 2007,
Lafferty 2001) Note that alert/detection distances were set to twice the flight initiation
distance.

Scenario 1
Adult
Chick
Scenario 2
Adult
Chick
Scenario 3
Adult
Chick
Scenario 4
Adult
Chick

Category 1 fishermen,
stationary
beachgoers

Category 2 walkers, runners,
bird-watchers,
boats

Category 3
- dogwalkers

Vehicles

5
10

10
15

15
20

10
10

20
25

25
30

30
35

15
15

30
35

35
40

40
45

20
20

50
60

60
70

70
80

30
30
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Table 1-5. Scenarios for overall human density. Overall multiplier for human density, and
average number of recreationists per kilometer at peak of day.

Scenario
1
2
3
4
5

Overall density
(proportion of maximum)
0.05
0.25
0.5
0.75
1

Average number of recreationists per 1
km per timestep (vehicles not included)
1.31
6.57
13.13
19.70
26.26

40
Table 1-6. Standardized coefficients, standard error, and p-values for each statistical test,
broken down by response variable.

Coefficient
5.60

Std. Error
0.09

p-value
< 0.001

1.75
1.22
-1.44
-0.56
0.03
0.12
0.24
-0.17

0.001
0.001
0.24
0.28
0.17
0.30
0.26
0.002

< 0.001
< 0.001
< 0.001
0.043
0.879
0.694
0.358
< 0.001

Model: Chick Flushing
Intercept
Flight Initiation Distance
Human Density
Distance of Nest to Closest Disturbance
Open Beach Width
Ocean Intertidal Area Width
Fenced Area per Nest
Dunes Accessible on Beach: Yes
High-quality Foraging Area Present: Yes
Beach Length
FID * Human Density

6.43
1.33
1.20
-0.44
-0.49
-0.10
0.08
-0.01
-0.31
0.01
-0.20

0.08
0.0005
0.0005
0.09
0.16
0.09
0.13
0.12
0.10
0.09
0.001

< 0.001
< 0.001
< 0.001
< 0.001
0.002
0.271
0.525
0.917
0.002
0.908
< 0.001

Model: Chick Weights (Full)
Intercept
Flight Initiation Distance
Human Density
Distance of Nest to Closest Disturbance
Open Beach Width
Ocean Intertidal Area Width
Fenced Area per Nest
Dunes Accessible on Beach: Yes
High-quality Foraging Area Present: Yes
Beach Length
FID * Human Density

31.35
-3.95
-4.12
2.78
0.53
3.72
-2.13
-2.65
6.02
-1.16
-3.21

0.95
0.01
0.01
1.11
1.92
1.11
1.57
1.50
1.22
1.09
0.03

< 0.001
< 0.001
< 0.001
0.014
0.782
0.001
0.180
0.081
< 0.001
0.291
< 0.001

Model: Chick Weights (Subset)
Intercept
Flight Initiation Distance
Human Density
Distance of Nest to Closest Disturbance
Ocean Intertidal Area Width
Distance from Nest to High-quality Foraging Area
Amount of High-quality Foraging Area
FID * Human Density

35.09
-3.75
-3.94
3.14
4.15
-6.09
0.93
-3.09

0.44
0.02
0.02
0.78
1.38
0.84
0.87
0.04

< 0.001
< 0.001
< 0.001
< 0.001
0.004
< 0.001
0.293
< 0.001

Model: Adult Flushing
Intercept
Flight Initiation Distance
Human Density
Distance of Nest to Closest Disturbance
Open Beach Width
Ocean Intertidal Area Width
Fenced Area per Nest
Nest in Dune: Yes
FID * Human Density
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Table 1-7. Summary of model coefficients across each of the four response variables.
Coefficients represent the measure of effect size used in this analysis. Coefficients are
standardized within each model but are not directly comparable across models.
Coefficients highlighted in dark blue are the most important terms in their models.
Coefficients highlighted in light blue also contributed significantly to the model. Nonhighlighted (white) coefficients were not significant, while coefficients in gray were not
included in the specific model.

Intercept
Flight Initiation Distance
Human Density
Distance of Nest to Closest
Disturbance
Open Beach Width
Ocean Intertidal Area Width
Fenced Area per Nest
Nest in Dune: Yes
Dunes Accessible on Beach: Yes
High-quality Foraging Area
Present: Yes
Beach Length
Distance from Nest to Highquality Foraging Area
Amount of High-quality
Foraging Area

Adult
Flushing
5.6
1.75
1.22

Chick
Flushing
6.43
1.33
1.2

Chick
Weight
31.35
-3.95
-4.12

Chick
Weight
(Subset)
35.09
-3.75
-3.94

-1.44
-0.56
0.03
0.12
0.24
NA

-0.44
-0.49
-0.1
0.08
NA
-0.01

2.78
0.53
3.72
-2.13
NA
-2.65

3.14
NA
4.15
NA
NA
NA

NA
NA

-0.31
0.01

6.02
-1.16

NA
NA

NA

NA

NA

-6.09

NA

NA

NA

0.93
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Figure 1-1. Map of all beach sites within Massachusetts, USA. Imagery from Google
Earth.
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Figure 1-2. Digitized representation of Harthaven Beach (Oak Bluffs, MA) showing
relevant habitat types. Simulated Piping Plovers moved, foraged, etc. realistically based
on these habitat types.
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Figure 1-3. Example point map used in SODA simulations. Imagery of Harthaven Beach
(Oak Bluffs, MA) downloaded from MassGIS. Points represent locations at which
plovers (squares) and human recreationists (triangles) were added to simulations.
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Figure 1-4. Multiplier for the probability of human recreationist objects appearing in a
simulation based on the time of day. Note that the low point is 0.01, not 0, allowing
limited recreationists at night.
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Figure 1-5. Histogram of the number of timesteps adult plovers spent flushed off their
nests in response to disturbance. Simulations lasted 30 days or 8640 timesteps.
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Figure 1-6. Histogram of the number of timesteps plover chicks spent flushing in
response to disturbance. Simulations lasted 30 days or 8640 timesteps.
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Figure 1-7. Histogram of final chick weights at the end of 30-day simulations.
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Figure 1-8. Proportion of time adult plovers spent flushed off nests as a function of the
minimum distance from the nest to the edge of symbolic fencing. For reference,
management guidelines for Piping Plovers suggest a 50 meter buffer distance for fencing
around nests (USFWS 1994).
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Figure 1-9. Two-way interaction between plover flight initiation distance and human
density, impacting the proportion of time adult plovers spent flushing throughout
simulations. Error bars representing 1 standard error do not extend visibly beyond the
symbols.
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Figure 1-10. Proportion of time plover chicks spent flushing in response to disturbance as
a function of beach width.
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Figure 1-11. Two-way interaction between plover flight initiation distance and human
density, impacting chick weights at the end of 30-day simulations. Error bars representing
1 standard error do not extend visibly beyond the symbols.
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CHAPTER 2. AN INDIVIDUAL-BASED MODEL TO EXPLORE PIPING
PLOVER PRODUCTIVITY IN A COMPLEX BEACH ENVIRONMENT

The Piping Plover (Charadrius melodus) is an intensively managed shorebird
species which faces numerous natural and anthropogenic threats. Plover productivity is
highly variable and dependent on local factors including beach characteristics, type and
abundance of predators, and human disturbance. Furthermore, plovers may vary in how
they respond to lethal (i.e. predator) and non-lethal (i.e. human recreationist) threats.
Individual-based modeling is a powerful framework which links the behavior and
interactions of individual system components with higher-level, emergent properties (i.e.
population size and productivity). To investigate how beach characteristics, human
disturbance, predator presence, and plover tolerance of disturbance all impact plover
productivity, I created an individual-based model using NetLogo. Simulations
represented a broad set of scenarios, varying in human and predator abundance as well as
plover and predator response to human disturbance (specifically, flight initiation
distance/FID). Virtual beaches varied in width, extent of protective symbolic fencing
around nests, presence or absence of a high-quality foraging area beyond the oceanadjacent beach, and accessibility of that area if present. Model outputs included nest and
chick survival, along with chick weights and amount of time plovers spent flushing in
response to disturbance. Model results showed that all predictors, except predator FID,
were important in various contexts. Wide beaches benefitted plover survival by reducing
predator search efficiency and plover-human space use overlap. High-quality foraging
areas, especially when easily accessible, had positive impacts on plover survival and
weights, and even helped to buffer the negative impacts of narrow beach widths.
Variability in human density and plover FID had more impact on chick survival than nest
survival, since nests were protected by symbolic fencing while chicks foraged in areas of
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human use. Optimal configurations of symbolic fencing differed for nests and chicks, as
chicks benefitted from a reduction in fencing, which allowed for greater dispersion of
recreationists and less direct disturbance when foraging beyond fenced areas. This study
shows how a wide variety of factors interact to determine plover productivity, and how
individual-based modeling tools can be used as a low-risk, cost-effective method for
investigating Piping Plover productivity in the face of an uncertain, complex
environment.

2.1 Introduction
The Piping Plover (Charadrius melodus) is an intensively managed shorebird
species that faces many threats. Management efforts for Atlantic Coast Piping Plovers
(hereafter referred to generally as plovers), along with other shorebird species, aim to
protect them from human recreational disturbance on beaches (Burger 1994, Flemming et
al. 1988, Melvin et al. 1991) and from natural predators through techniques including
predator exclosures (Melvin et al. 1992, Rimmer and Deblinger 1990) and electric
fencing (Mayer and Ryan 1991). However, plover management is costly (USFWS 2009),
and will likely need to continue indefinitely for plovers to survive in an environment used
heavily for recreational activities. Social conflicts between humans and plovers are
common when beaches are partially or fully closed to recreational activities (GrattoTrevor and Abbott 2011).
Plover reproductive success has generally declined as human presence on beaches
has increased (USFWS 1996). Current management practices, including symbolic
fencing around nests and restrictions on off-road vehicle use during the nesting season,
have reduced concerns of direct human-caused mortality (Gratto-Trevor and Abbott
2011). However, humans can also affect plover reproductive success indirectly. For
example, chicks may be distracted from foraging by oncoming recreationists, performing
more defensive behaviors instead of direct foraging behaviors (Burger 1991, Flemming et
al. 1988). Adult plovers that are incubating nests or guiding or protecting young may
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respond to humans as a perceived threat, leaving eggs and young vulnerable to exposure
or predation (Burger 1991, Melvin et al. 1991).
Plover productivity is highly variable (USFWS 2009) and dependent on a wide
variety of interconnected factors (see Chapter 1). Plover nests and chicks are susceptible
to numerous predator species which vary by site (Ivan and Murphy 2005, Loegering and
Fraser 1995, USFWS 1996). Predator populations have expanded and grown via
attraction to discarded food scraps and garbage as well as direct introduction to new
locations (Melvin et al. 1991). Periods of severe weather events and abnormal
temperatures can cause widespread reproductive failure (Harris et al. 2005), as eggs and
chicks are vulnerable to the elements. Chicks are precocial and require high-quality
foraging habitat to grow rapidly and fledge, and those that do not meet energetic
thresholds are not likely to survive (Cairns 1982). Variation in beach characteristics also
impacts plover productivity. When high-quality foraging areas like mud flats or
freshwater bay/pond intertidal areas are present, chicks are more successful at foraging
and more likely to survive (Cohen et al. 2009, Loegering and Fraser 1995, Patterson et al.
1991). Additionally, beach width can influence the duration and frequency of ploverhuman contact (Lafferty 2001) and how efficient predators are at locating and capturing
nests (Harris et al. 2005).
Plover tolerance of disturbance can vary widely, as plovers can habituate to
human presence (Baudains and Lloyd 2007, Melvin et al. 1992, St Clair et al. 2010),
lessening the degree to which they expend energy responding to a non-lethal threat while
leaving eggs or chicks vulnerable. Habituation may be particularly important as a method
of flexibility in dealing with human presence if plovers and humans are to coexist in the
beach environment. Accordingly, plover tolerance of humans should be considered along
with the recreational disturbance regime when making site-specific management
decisions.
Many empirical and virtual tools have been employed to research and manage
Piping Plovers. Individual-based modeling is a useful tool that has not been utilized for
Piping Plovers (but see Chapter 1). However, individual-based modeling has been used to
study the impacts of various stressors on other coastal birds (e.g. Goss-Custard et al.
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2006, see Stillman and Goss-Custard 2010). Within ecology as a whole, individual-based
modeling has been utilized to explore questions in population dynamics, animal
movement, landscape and ecosystem ecology, animal behavior, evolution, genetics, and
more (see Grimm and Railsback 2005). Individual-based models attempt to distill
systems down to their most essential characteristics and explore how the dynamics of
individual components lead to the behavior of the larger system. As many simulated
individuals act according to realistic yet simple rules, interesting and complex largerscale patterns can emerge over time.
The individual-based modeling framework has many advantages. Simulation
studies can bypass many of the limitations of field studies, creating an infinite number of
virtual worlds at any time, complete with virtual plovers, humans, predators, and beach
habitats. Each element of the system can be set up from a hypothesis-driven,
manipulative perspective. For example, while actual plover behavior can only be
observed, virtual plovers can be characterized to behave in predetermined ways, covering
a range of realistic responses. The distance at which a plover flushes in response to
human approach cannot be manipulated in the field, but can easily be characterized in a
model examining how response variables are impacted by changes in flight initiation
distance (FID). In the field, measuring weights requires handling which may be stressful
to birds, and behavioral observations are limited in time and scope. However, by using an
individual-based model, it is simple to have omniscient knowledge of how much birds
weigh and how they spend each measured moment in time. In the field, modifications to
the beach environment are costly and limited in scope based on the configuration of the
immediate area. Conversely, simulated beaches can be configured as desired to explore
questions and hypotheses of interest. For example, individual-based models can be used
to test how wildlife will be impacted by different proposed recreational trail systems or
facilities (Bennett et al. 2011, Rodríguez-Prieto et al. 2014).
In many individual-based modeling studies involving shorebirds, survival or
energetics of a focal species is modeled over a variable environment as a function of
interactions with one or two other classes of individuals. For example, multiple studies
have investigated how a focal species would be affected by environmental changes that

57
impact prey characteristics or densities (Durell et al. 2008, Stillman and Goss-Custard
2010, West et al. 2002). Models investigating the impacts of human disturbance may
explicitly model the focal species along with human disturbers (Durell et al. 2008, GossCustard et al. 2006, Liley and Sutherland 2007, Taylor et al. 2007, West et al. 2002).
Limited studies have considered predators of the focal species within a class of disturbers
(Goss-Custard et al. 2006) or as a potential source of mortality but not a major focus of
the study (Durell et al. 2008).
However, predators are a major source of mortality for Piping Plovers and a
common focus in research and management (USFWS 1996). While many studies have
investigated how plovers are affected by human disturbance or by predators, little
experimental work has been done to show how all three might interact. Predation may
occur as plovers respond to human disturbance, but the mechanisms behind this
phenomenon have not been thoroughly explored. Empirically, this is a difficult process to
observe, yet alone test. However, in an individual-based modeling framework, it is
possible to represent plovers, humans, and predators as discrete classes of individuals
with unique characteristics. Additionally, since each class of individuals can have explicit
responses to the other classes, it is possible to investigate how the behavior or status of
any class is dependent on the other classes. In a system where predators are a main source
of mortality, productivity of a focal species may be best explained by explicitly
considering virtual predators along with virtual disturbers.
In previous work (see Chapter 1), I used the individual-based model SODA
(Bennett et al. 2009) to explore interactions between beach spatial characteristics, human
disturbance patterns, and plover tolerance of disturbance. Several beach characteristics
had important influences on how plovers were impacted by human recreational
disturbance. Specifically, beach width, configuration of symbolic fencing around nests,
presence of high-quality foraging areas, and proximity to those areas had notable impacts
on predicted chick weights and how much time adult plovers and chicks spent responding
to disturbance. Additionally, plover FID and human densities on beaches were important
components of the system. However, this model did not explicitly model predators or
mortality. Furthermore, the model used orthoimagery of 15 Massachusetts beaches and
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examined spatial characteristics from those beaches in an observational manner. From
these observations, hypothetical scenarios can be created in a hypothesis-driven manner
to further explore these important beach characteristics in a more abstract sense.
To expand upon my previous model within an individual-based modeling
framework, I created a new model in NetLogo (version 5.1.0, Wilensky 1999). In this
model, I created a variety of hypothetical beach configurations with variation in the
characteristics previously found as important. I also incorporated a generic predator to
explicitly model predation and productivity.
The objective of this study was to investigate how plover productivity may be
impacted by predators as a function of the interplay between plovers, predators, humans,
and environment. I predicted that model outputs (nest survival, chick survival, chick
weights, and time spent flushing in response to disturbance) would all be impacted in
similar ways by each predictor variable as following:
1) I predicted that nest survival, chick survival, and chick weights would all
decrease with increases in human and predator abundance, while time spent
flushing would increase.
2) I predicted that chick weights would decrease with higher plover FID values,
while time flushing would increase.
3) I predicted that plover FID would also influence nest and chick survival,
although I did not predict a certain direction for either.
4) I predicted that nest and chick survival would increase with increases in
predator FID due to reduced efficiency of depredation.
5) I predicted that plovers would benefit (e.g. higher survival, less time flushing)
from wider beaches and from additional symbolic fencing around nests
6) I predicted that plovers would benefit from the presence of a high-quality
foraging area beyond the ocean-adjacent nesting area, and this benefit would
decrease if that area was less accessible.
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2.2 Model Description
This model was coded in NetLogo (version 5.1.0, Wilensky 1999). Model
description will borrow elements from the ODD protocol (Grimm et al. 2010) but will not
adhere strictly to it in order to reduce redundancy. Herein the following aspects of the
model will be described: 1) model purpose, 2) model entities, 3) submodels, and 4)
outputs of interest.

2.2.1 Model Purpose
The purpose of this model is to simulate how Piping Plover productivity,
energetics, and behavior are impacted by natural variation in the beach environment and
its inhabitants. Specifically, this model investigates how five factors simultaneously
determine plover nest/chick survival and the impacts of disturbance: 1) abundance of
human recreationists on beaches, 2) plover tolerance of human disturbance, specifically
FID and alert distance, 3) abundance of predators on beaches, 4) predator tolerance of
human disturbance (FID), and 5) spatial configuration of beaches, including variation in
beach width, space symbolically fenced off around plover nests, and presence and
accessibility of high-quality foraging areas. The model includes a wide range of scenarios
that generalize variability found on actual beaches. This model could be expanded in the
future to make site-specific management recommendations based on human, plover,
predator, and beach characteristics.

2.2.2 Model Entities
Four types of entities comprise the model: beaches, humans, plovers, and predators.
2.2.2.1 Beaches
Virtual beaches are spatially explicit and consist of a 202 x 402 grid of cells or
“patches” (see Figures 2-1 and 2-2 for example visualizations). Each patch represents a
2m x 2m area. Patches are characterized by two variables: habitat type and energy gain.
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Beaches are differentiated into habitat types that are ecologically relevant for
Piping Plovers. Cells are assigned a habitat type based on their x-coordinate, resulting in
linear stretches of habitat types (Figures 2-1 and 2-2). Habitat types include open water,
intertidal habitat (by the ocean’s edge, including wrack), high-quality foraging habitat
(e.g. freshwater pond or mud flats), open beach, fenced [nesting] area of open beach, and
dunes.
Coastal Piping Plovers generally nest on the beach near the ocean and forage
along the water’s edge, either by the ocean or another body of water (USFWS 1996).
Management of plovers almost always includes symbolic fencing around nests, which
discourages humans from entering immediate nesting areas (USFWS 1994). Dunes often
separate ocean-adjacent beaches from other foraging areas like freshwater ponds. Thus,
simulated plover nests were placed in fenced habitat between dunes and ocean. For
simulated beaches with high-quality foraging habitat, dunes represent an area between
ocean-side nesting and high-quality foraging areas like freshwater intertidal zones.
Plovers may forage near water on either the ocean or freshwater side. In beaches without
additional foraging areas, dunes represent the end of the areas that plovers will normally
forage in, although chicks may flee into dunes to escape disturbance. Each habitat type is
given a parameter that represents how energetically favorable that habitat is for foraging
plovers. When a plover is foraging, the energy gained in a timestep is equivalent to a base
value times a habitat multiplier (Tables 2-1 and 2-2).
For this study, 15 different beach configurations were created, split into 2 sets
(see Table 2-3 for beach characteristics). The first set of maps contains beach
configurations that vary in overall beach width, the amount of fenced area around nests,
and the presence or absence of a high-quality foraging area on the far side of a stretch of
dunes (Figure 2-1). The base map depicts a wide beach (130 cells / 260 m of space
between the base of the dunes and the water’s edge) with only an ocean-adjacent beach
for foraging, and other maps are derived from this map. Map 2 increases the fenced area
on this wide beach, effectively keeping humans further away from nests. Map 3 decreases
the amount of fenced area, effectively bringing humans closer to nests but spreading them
out over a larger portion of the beach. Map 4 decreases beach width somewhat (100 cells
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/ 200 m), and Map 5 decreases it further (70 cells / 140 m). Map 6 takes the skinniest
beach and adds a high-quality foraging zone which chicks can cross the dunes to forage
in. Map 7 represents a peninsular nesting area where plovers can nest/forage on each side
of a small section of dunes without preference.
The second set of maps contains beach configurations that have a high-quality
foraging area but vary in the width of the ocean side beach, the width of the high-quality
foraging area, and the accessibility of the high-quality foraging area (Figure 2-2). There
are 8 maps in this set, consisting of every possible combination of ocean side beach width
(wide vs. narrow), high-quality foraging area side width (wide vs. narrow), and
accessibility of the high-quality foraging area (easy vs. hard access). In easy access
scenarios, chicks can move across the dunes towards the high-quality foraging area
without hindrance. Conversely, in hard access scenarios, most dune area cannot be
entered (i.e. the slopes are too steep for chicks to get into the dunes). However, each
beach has approximately 10 small corridors representing paths that are topographically
accessible for chicks. These corridors can comprise up to 25% of the dune area. If a nest
is within 10 cells of one of these corridors (based on y-coordinates, not straight-line
distance), chicks from that nest can move freely through the corridor to the high-quality
foraging area on the other side; otherwise, they will forage in the ocean intertidal zone.
2.2.2.2 Humans
There are three different types of humans in the model, representing a variety of
recreationists. These include: 1) fast-moving humans representing joggers, 2)
moderately-fast-moving humans representing walkers or dog-walkers, and 3) slowmoving humans representing people bird-watching, looking for shells, etc. All humans
enter the simulation at a randomly chosen end of the beach and move towards the other
end of the beach, leaving the simulation when they reach the other end (see Table 2-2 for
various parameters associated with each type of human). Fast and moderately fastmoving humans move straight down the beach, while slow-moving humans have an
element of variability to their movement. All types of humans are placed on the map in
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open beach or intertidal areas and remain in those areas as they move down the beach,
not entering water, fenced areas, or dunes.

2.2.2.3 Plovers
There are three different types of plover entities in the model: nests, adults, and
chicks (see Table 2-2 for various parameters associated with plovers). Each simulation
contains 5 nests, placed randomly within the fenced area of the beach and at least 20 cells
(40 m) away from any other nest. Individual eggs are not explicitly modeled, and the
model assumes that if a predator successfully depredates a nest, all eggs are lost. While
plovers can start new clutches if nests are lost (USFWS 1996), this is not modeled.
Each simulation also contains 5 plover adults, each associated with a nest. Piping
Plover breeding pairs will generally share incubation duties, where one adult is guarding
the nest and the other is foraging (Cairns 1982). For simplicity, this model simulates a
single adult incubating a nest at all times unless disturbed. This nest location remains
consistent over the course of the simulation. If nests are lost, plover adults still guard the
location normally to maintain consistency in model output (i.e. the number of timesteps
flushing can be compared between plovers guarding nests that survived and nests that
were lost partway through the simulation).
Finally, each simulation contains 20 plover chicks, 4 for every adult [i.e.
assuming 100% egg hatching rate]. Chicks share the same home location as the adult/nest
they are associated with. Chicks will rest at this location for 10 hours a day and go out to
forage for 14 hours a day. While foraging, chicks have a strong preference to forage in
intertidal or other foraging habitat. This is characterized by a 50% chance per timestep to
orient towards foraging areas any time they are outside of these habitats, and a 20%
chance per timestep to leave foraging areas if they are within them. Chicks may also be
disturbed by humans or predators when present. Chicks are characterized by two unique
parameters: 1) weight, updated every timestep as they forage, and 2) behavioral-state,
which tracks whether chicks are foraging, alert or flushing in response to disturbance,
resting, or going home to rest.
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Plover chicks and adults share several variables relating to disturbance. These
include: 1) the distance at which they will become alert to human presence and 2) the
distance at which they will flush in response to humans (FID, where “flight” may refer to
flight or flushing interchangeably). These values remain static (e.g. “tolerance” rather
than “habituation”) throughout the simulation and represent realistic distances at which
plovers will show behavioral responses to human presence. Additionally, chicks and
adults track the number of timesteps they have spent alert or flushing in response to
disturbance by humans or predators.
2.2.2.4 Predators
Predators represent a generic predator rather than any specific mammalian or
avian species. Predators can enter the simulation at any time, being placed randomly in
beach or intertidal/foraging areas (see Table 2-2 for various parameters associated with
predators). The maximum number of predators allowed in a simulation at once is
predetermined by the user. Predators, like plovers, flush in response to human approach
according to a user-defined parameter. Predators stay within beach, intertidal, and other
foraging zones and do not enter open water or dunes. Unlike humans, predators can enter
symbolically fenced areas and approach nests purposefully. Predators may seek and
capture plover nests and chicks. Several generic requirements influence if predators will
detect or capture prey. These include distance thresholds and a “cone of vision”, or an
area within a specified angle and distance within which predators have a high probability
of detecting prey during a timestep. Predators were represented with generic parameters
for movement and sensing (e.g. constant activity throughout the day, generic field of
detection) to provide a compromise between the diverse types of species that will prey on
plover nests and young.

2.2.3 Submodels
Once the model is initialized, five procedures occur in sequence every timestep
(Figure 2-3). Simulations last for 43,200 timesteps, corresponding with 30 days of
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1-minute timesteps. This is an approximation of the length of time required for nests to
hatch and for chicks to fledge (Cairns 1982). For simplicity, both phases were modeled
simultaneously.
2.2.3.1 Initialization
In model initialization, virtual beaches are created and plover nesting/resting
locations are determined. Beaches can be any of 15 configurations (see section 2.2.2.1
and Table 2-3). Locations of nests are placed randomly within fenced area (see Figures 21 and 2-2). One adult and four chicks are assigned to each nest location. Chicks are
assigned a starting weight of 7 grams (approximate weight at hatching – Cairns 1982, Le
Fer et al. 2008, Powell et al. 1997).
2.2.3.2 Updating Time of Day
Simulation days begin at midnight and progress in 1-minute timesteps. Plover
chicks forage from 1 am until 3 pm (see section 1.2.6.5) and rest when not foraging.
Human activity on the beach is regulated by the time of day (Table 2-4). Predators have a
constant probability to enter the simulation at any time of the day.
2.2.3.3 Managing Humans
This procedure consists of 3 parts (see Table 2-2 for various parameters). 1) Any
humans on the beach will move forward according to their movement parameters. 2)
Each of the three types of humans has a chance to enter the simulation every timestep.
This chance is regulated by the time of day. 3) Any humans at the end of the map will be
removed from the simulation.
2.2.3.4 Moving Plovers
Plovers move according to a hierarchy of criteria (Figure 2-4):
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1. If a human or predator is within the distance at which plovers flush from
disturbance, the plover will flush. Adults will move towards humans or predators in
defense of nests while chicks will move away in an attempt to escape. If chicks cannot
retreat directly due to topography (e.g. water or unscalable dunes), they will randomly
choose a direction up or down the beach (e.g. 0° or 180°) and flee in that direction.
2. If not flushing, adults will always stay in place and incubate nests.
3. During non-foraging periods, chicks will rest at the nest location they were
assigned at the beginning of the simulation.
4. During foraging periods, if a human or predator is within the distance at which
plovers are alert to disturbance, chicks will stay in place.
5. During foraging periods, if not disturbed, chicks will move normally. At the
beginning of each day, each chick determines which side of the beach it will forage on
for that day. In general, chicks have a 50% chance to cross the dunes from the ocean side
nesting area to the far side foraging area, if present and accessible, and a 50% chance to
spend the day in or near the ocean side intertidal area. In hard access scenarios where
dunes are not fully permeable, chicks only have the chance to cross the dunes if they are
near a corridor and otherwise spend the day on the ocean beach. When chicks are
foraging and outside a foraging area, chicks have a 50% chance to move in any direction
and a 50% chance to orient and move towards a foraging area. When in a foraging area,
chicks will generally move straight up or down the beach, with a 20% chance per
timestep to enter other beach habitats and forage.
Plovers will move (home) towards nests under the following conditions: 1) adults
return to nests after disturbance, 2) chicks return to nests after disturbance during resting
periods, and 3) chicks return to nests at the end of the foraging period/beginning of the
resting period.
2.2.3.5 Chicks Foraging
Foraging chicks increase in weight. The amount of weight chicks gain in a
timestep is moderated by the habitat they are in as well as if they are responding to
disturbance (Tables 2-1 and 2-2). If a chick is alert to disturbance in a timestep, the
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energy they gain will be reduced (Flemming et al. 1988); if a chick is flushing in
response to disturbance, they will not gain any energy, though they will not lose energy
from flushing.
2.2.3.6 Managing Predators
Predators are managed in four phases (see Figure 2-5 for a flowchart and Table 22 for various parameters):
1. Predators move. If human recreationists are within the predator’s flush
distance, the predator will flush from disturbance. Predators have a 30% chance to be
attracted to human presence and move towards humans [i.e. looking for food handouts]
and a 70% chance to move away from humans when approached. If there are no humans
nearby, predators have a 75% chance to remain stationary for the timestep. Otherwise,
predators search for chicks or nests to move towards, or just move in a direction
determined by their previous heading (changing their heading up to 30° in either
direction).
2. Predators check for prey to consume. If a predator detects a nest or chick and
there are no plover adults nearby to harass or distract them (i.e. by performing broken
wing displays), predators will capture the nest or chick and remove it from the
simulation.
3. Predators at the ends of the map are removed from the simulation.
4. If there are fewer predators in the simulation than the maximum number
allowed, a new predator may be generated with a probability of 0.005 per timestep.

2.2.4 Outputs of Interest
There are six outputs of interest. Each provides a quantified measure of plover
status, energetics, or behavior throughout a simulation, and are updated every timestep.
These outputs include: 1) the number of nests surviving in the simulation, 2) the number
of chicks surviving in the simulation, 3) the mean weight of chicks in grams, 4) the mean
number of timesteps that chicks have spent alert to human disturbers, 5) the mean number
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of timesteps that chicks have spent flushing in response to human disturbers, and 6) the
mean number of timesteps that adults have spent flushing in response to human
disturbers. Note that outputs 3 through 5 are only calculated for currently living chicks, as
these outputs do not increase after death and would bias the means downward.

2.3 Model Application
2.3.1 Model Scenarios
In order to investigate the impact of predators as a function of the interplay
between humans, environment, and plovers, 3240 different input scenarios were created
to initialize the above model. The scenarios enveloped a fully crossed design of
combinations of 1) six different densities of simulated humans, 2) four distance
thresholds at which plovers responded to humans, 3) three different values for maximum
number of predators allowed in simulations, 4) three distance thresholds at which
predators flushed in response to humans, and 5) fifteen types of beach configuration.
Each scenario was replicated 10 times for a total of 32,400 simulations.
1. Simulated human densities were controlled by an additional global multiplier,
on top of the multiplier based on time of day. Scenarios included human density
multipliers of 0, 25, 50, 100, 150, and 200 times the base probabilities (see Table 2-2).
2. Plover behavior scenarios represented a range from very tolerant plovers to
fairly sensitive plovers (based on field values: Baudains and Lloyd 2007, Cairns 1982,
Flemming et al. 1988, St Clair et al. 2010, USFWS 1996). Plovers flushed at 7.5, 10, 20,
and 30 cells, or 15, 20, 40, and 60 meters. Alert distances were set to twice the number of
cells at which plovers flushed. This conforms to the "fixed-slope" rule where FID is
roughly 44% of detection distance across many species (Gulbransen et al. 2006,
Whitfield et al. 2008).
3. Maximum number of predators allowed in a simulation at any time were 1, 2,
and 4.
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4. Predators flushed at 5, 15, and 30 cells to be consistent with the range of plover
flush distances.
5. Each of the 15 beach configurations described in section 2.2.2.1 were used.
Beaches were compared to the other beaches within their set but not between sets, as the
sets were meant to compare specific attributes and could not be compared between sets
(i.e. a wide beach means something different in set 1 compared to set 2).

2.3.2 Statistical Analysis
Linear and generalized [binomial] linear models were implemented for each of
four response variables for each of the two sets of beach configurations using functions
lm and glm in R. Surviving nests and chicks were treated as a proportion of the total
number modeled and were analyzed using a quasibinomial model. Mean chick weights
and mean number of timesteps adults spent flushing were used as secondary response
variables and were modeled using a normal linear model. While model outputs included
the mean number of timesteps chicks spent alert and flushing, these response variables
were not analyzed in this model application since chick survival and weights are more
direct measures of productivity.
Numerical predictors (human density, plover and predator flush distances, and
maximum number of predators) were treated as continuous and standardized in order to
compare beta coefficients as a measure of effect size. However, these coefficients could
not be directly compared to the coefficients for the categorical beach configuration factor.
Therefore, I calculated a custom measure of effect size in order to compare all factors on
the same scale. First, I split the data into subsets for each predictor variable. I calculated
means for each level of each predictor variable while holding all other variables constant
(function “aggregate” in R). I then calculated the difference between the highest and
lowest mean level for each factor and divided this difference by the highest difference
from each set of predictors for each response variable. This gave me a set of numbers for
each predictor variable ranging from 0 to 1 for each response variable. The factor with a
value of 1 was the most important factor for that response variable, and the values of the
other factors represented the amount of variation explained in comparison to that most
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important factor. Hereafter I refer to these values as “importance” – a value with 100%
importance signifies the most important factor in a model, while a value with 50%
importance is about half as important (i.e. covered half the range in the same response
variable). Any variable below 10% importance was considered to have a negligible
effect. For visualization purposes, I scaled all of these values to sum to 1 (Figure 2-10),
reflecting the relative range of data explained by each factor.
2.4 Results
2.4.1 Summary Statistics
Across all scenarios, nest survival (proportion of nests surviving out of 5) ranged
from 0 to 1. For the first set of maps, mean and median nest survival were both 0.6, while
the standard deviation was 0.24. For the second set of maps, median nest survival was
0.8, mean nest survival was 0.7, and the standard deviation was 0.22. See Figure 2-6 for
bar graphs of this response variable.
Chick survival (proportion of chicks surviving out of 20) ranged from 0 to 1. For
both map sets, median chick survival was 0.6, mean chick survival was 0.55, and the
standard deviation was approximately 0.28. See Figure 2-7 for histograms of this
response variable.
Chick weights after 30-day simulations ranged from 26.72 grams to 55.18 grams.
For the first map set, median weight was 43.1 grams, mean weight was 42.3 grams, and
the standard deviation was 4.9 grams. For the second map set, median weight was 48.4
grams, mean weight was 47.9 grams, and the standard deviation was 4.1 grams. See
Figure 2-8 for histograms of this response variable.
The mean number of timesteps adults spent flushing throughout simulations
ranged from 19 to 15,010 (out of 43,200 simulation timesteps). For the first map set, the
median number of timesteps flushing was 711, the mean was 1695, and the standard
deviation was 2105. For the second map set, the median number of timesteps flushing
was 664, the mean was 1803, and the standard deviation was 2383. See Figure 2-9 for
histograms of this response variable.
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2.4.2 Correlations of Response Variables
See Table 2-5 for correlations between each set of response variables. Chick
weight and survival were strongly positively correlated (r ≥ 0.6). Chick survival and
weight were both strongly negatively correlated with the number of timesteps adults
spent flushing (-r ≥ 0.57). Nest and chick survival were weakly positively correlated (r ~
0.17), while nest survival and the number of timesteps adults spent flushing were weakly
negatively correlated (-r ~ 0.1). Nest survival and chick weight had no correlation (r ~ 0).

2.4.3 Statistical Tests
Statistical significance is reported (Tables 2-6 through 2-9) but relatively meaningless
due to a very high degree of replication (White et al. 2013). Accordingly, I used effect
sizes to interpret the importance of each predictor variable. See Figure 2-10 for a
visualization of effect sizes for each statistical test.

2.4.3.1 Nest Survival
The most important predictor of nest survival was the maximum number of
predators allowed in simulations (100% importance), followed by beach configuration
(70% / 65% importance for map sets 1 and 2, respectively) and then by plover FID (25%
importance in both map sets). Human density had a negligible impact in the first map set
and 20% importance in the second map set. Predator FID had a negligible influence on
nest survival in both map sets. See Table 2-6 for statistical results for this response
variable.
Nest survival was higher with fewer predators, higher FID, and lower human
density (in map set 2 only). Nest survival was lower with reduced fencing and on skinnier
beaches, though this effect was tempered with the addition of a high-quality foraging area
which attracted predators/humans (Figure 2-11A), especially when this area was wider
(Figure 2-12A).
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2.4.3.2 Chick Survival
The most important predictor of chick survival was plover FID, with beach
configuration, human density, and maximum number of predators also influential at
around 45% importance for both map sets, with the exception of beach configuration at
60% importance in the second map set. Predator FID had a negligible influence on nest
survival. See Table 2-7 for statistical results for this response variable.
Chick survival was higher with lower FID and with fewer humans and predators.
Chick survival peaked at an FID of 10 cells/20 m (Figure 2-13). In the first map set
(Figure 2-11A), chick survival was highest on wide beaches, generally decreasing with
reduced beach width. Chick survival was highest when fencing around nests was reduced,
and lower with extra fencing. Survival was lowest on the skinniest beach; however, after
the addition of a high-quality foraging area, survival increased dramatically. In the
second map set (Figure 2-12B), chick survival increased with increasing widths on both
sides of the beach, particularly on the pond side. Survival was consistently reduced when
pond side foraging was hard to access.

2.4.3.3 Chick Weights
Beach configuration, plover FID, and human density were all important predictors
of chick weights. In the first map set, beach configuration was the most important factor,
followed by plover FID (80% importance) and human density (45% importance).
Predator-related factors had negligible influences on chick weights. In the second map
set, plover FID was the most important factor, followed by human density (70%
importance) and beach configuration (60% importance). The maximum number of
predators had a small impact (15% importance), while predator FID was negligible.
Chicks weighed more with a lower FID and with fewer humans and predators. In
the first map set (Figure 2-11B), chicks weighed considerably higher when a high-quality
foraging area was accessible and had consistent weights across all other configurations.
In the second map set (Figure 2-12C), chick weights were relatively constant across the
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various configurations of beach widths but consistently weighed more when pond
foraging areas were easily accessible.

2.4.3.4 Adult Flushing
Plover FID was the most important predictor of the number of timesteps adult
plovers spent flushing off their nests in response to disturbance, followed by human
density (40% / 50% for map sets 1 and 2, respectively), beach configuration (35% / 20%),
and the number of predators (20% / 10%). Predator FID had a negligible impact on
plover adult flushing.
Adults flushed more with a higher FID and with more humans and predators. In
the first map set (Figure 2-11C), plovers flushed most on the skinniest beach, and flushed
less as beach width increased. Plovers also flushed less when a pond foraging area was
available and predators/humans were redirected to the non-ocean beach. On the widest
beach, plovers flushed the same amount with normal and with extra fencing, but flushed
more with reduced fencing. In the second map set (Figure 2-12D), plovers flushed less
with increasing beach width of both areas. The accessibility of the pond side had no
impact on adult flushing behavior.

2.4.3.5 Other Results
The overall median productivity for plovers in this model was 1.68 (0.7 median
nest survival * 4 chicks/nest * 0.6 median chick survival). Overall mean productivity was
1.43 (0.65 mean nest survival * 4 chicks/nest * 0.55 mean chick survival). These results
are contingent upon the assumptions that adult plovers did not renest upon nest failure
and that if a nest survived, all chicks hatched.
Of the continuous predictors, plover FID was the only predictor to have a notable
non-linear effect on a response variable. While plover FID had a small positive impact on
nest survival, it had a very large negative impact on chick survival (Figure 2-13).
However, chick survival was highest at an FID of 10 cells.
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Human density had a negative impact on both nest and chick survival. However,
this effect was much more pronounced for chicks than for nests (Figure 2-14), suggesting
that protective fencing successfully moderated the impacts of human disturbance. Chicks,
however, were sensitive to disturbance since chick foraging territory overlapped with the
area of high human recreational use.

2.5 Discussion
This model highlights the contribution of many factors in determining plover
productivity, behavior, and energetics. Most predictions were supported, though some in
unexpected ways (discussed throughout this section). While many studies examine one or
two of these factors, this model integrated numerous potential predictors simultaneously.
Given the certainty of continued and costly management for Piping Plovers (GrattoTrevor and Abbott 2011), it will be important to manage beaches as efficiently as
possible. To achieve this, each beach needs to be managed based on site-specific
characteristics, as suggested by model results.
Simulated nest and chick survival were both highly variable (Figures 2-6 and 27). Indeed, Piping Plover productivity is highly variable between sites and breeding
seasons due to a variety of factors (USFWS 1996, USFWS 2009). The recovery target for
many Atlantic coast locations is 1.5 plover chicks fledged/breeding pair, and in many
places, this target is being exceeded (USFWS 2009). Simulated median and mean
productivity were both close to 1.5 chicks fledged/ breeding pair. While this model
simplifies the process, the overall productivity, both for nest survival and chick survival,
fits quite accurately to actual productivity data, while exemplifying the high amount of
variability found empirically.
Simulated chick weights (Figure 2-8) were consistent with studies observing and
predicting plover chick growth (Cairns 1982, Le Fer et al. 2008, Powell et al. 1997).
Variability in chick weights depicted the effects of many important factors in the beach
environment, including distraction from foraging by perceived threats and varying
suitability of different beach areas for foraging. In reality, chicks on the lower end of the
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range of chick weights (particularly around or below 35 grams) would likely not have
survived. In this model, chick deaths only occurred by predation, while starvation and
exposure to the elements are other important empirical causes of chick death. The model
could be expanded to incorporate other mechanisms for chick death, but they were not
important to the questions of this study.
Disturbance to plover adults was measured as the number of timesteps they spent
flushed off nests. Several empirical studies have shown that plovers may spend up to
50% or more of their foraging time distracted from direct feeding behaviors if enough
humans are present (e.g. Burger 1994, Flemming et al. 1988). However, this is generally
on a short timescale (e.g. 5-minute activity budgets). Simulated plovers spent between 0
and 35% of the entire simulation flushing off nests, with the majority flushing less than
2% of the entire simulation (Figure 2-9). This covers a wide range of potential
disturbance scenarios and it is reasonable to assume that all empirical human disturbance
regimes have been represented within the set of model parameters (i.e. it is highly
unlikely to find empirical cases where plovers are disturbed enough and capable of
responding to that disturbance for more than 35% of the day).
Correlations between response variables were relatively intuitive. Chick weight
and survival were highly positively correlated. Empirically, chick weight is an important
predictor of survival, but since this was not modeled explicitly, the high correlation
represents the fact that similar factors influence weight and survival. Chick weights and
survival were strongly negatively correlated with adult flushing. This could be explained
by the fact that adult flushing and chick flushing were also highly correlated (r > 0.8). As
chicks flushed more, their weight decreased as they were diverted from foraging, and
their survival decreased due to higher susceptibility to predation. Interestingly, nest
survival and chick survival were weakly correlated, as the most important predictors
differed between the two measures. Additionally, the proportion of time adults spent
flushing off nests was only weakly negatively correlated with nest survival. In this model,
predation was the only cause of nest loss. In reality, egg temperature is a major factor in
both egg survival and adult decisions to incubate nests, particularly in the face of
disturbance (Baudains and Lloyd 2007, Yasue and Dearden 2006). Limited evidence
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suggests that incubation temperatures can be consistent across different disturbance
regimes as plovers change their level of habituation (Baudains and Lloyd 2007). While
not explicitly considering egg temperature, this model provides evidence that behavioral
flexibility is an important adaptation for protection of nests from threats.
Across all simulations, plover FID was one of the most important predictors
(supporting predictions 2 and 3), with nest survival being the exception. For the response
variables of chick weights and proportion of time spent flushing by adults, this is not
surprising, although it is useful to quantify the effects of FID in order to reveal the
influence of other factors. However, the degree to which FID influenced chick survival
was somewhat surprising (Figure 2-13). The model predicted that chicks could reach an
optimal level of habituation to disturbance, and before/after that point, survival
decreased. When chicks flushed at an FID under 10 cells, they did not flee quickly
enough and were easy to catch. Conversely, at an FID above 10 cells, as FID increased,
chicks were trapped by topology (e.g. pushed onto unscalable dune slopes or against the
water’s edge) more quickly and could not escape incoming threats. The specific distances
predicted as good or bad by the model (e.g. an optimum FID at 20 m) may be more of a
function of how predation was modeled and not necessarily a prediction to use
empirically. However, it is reasonable to assume that there are optimal responses to
threats within specific contexts (Cooper Jr. and Frederick 2007, Frid and Dill 2002).
Beach configuration was also a very important predictor for most response
variables. Beach configurations characterized variability in beach width, configuration of
symbolic fencing, presence or absence of high-quality foraging areas, and accessibility of
high-quality foraging areas. Different variations in the beach environment were important
in different contexts (Figures 2-11 and 2-12).
In general, wider beaches had positive impacts on all response variables
(supporting prediction 5). Disturbance was moderated by the dispersion of recreationists,
reducing constant proximity to plovers (Lafferty 2001) and also reducing predator search
efficiency (Harris et al. 2005). Beach width should be considered when managing on a
site-specific basis. For example, narrow beaches may require more intensive management
to protect plovers from predators or humans when use of space overlaps considerably.
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Conversely, wide beaches may allow enough space for effective management without
many restrictions on human use, reducing human-plover social conflicts. On narrow
beaches with high human or predator presence, perhaps efforts to deter plovers to nearby
suitable beaches at the beginning of the breeding season would be merited.
The presence of a high-quality foraging area also had positive impacts on
response variables (supporting prediction 6), particularly chick weights and survival. This
effect is commonly reported empirically (e.g. Cohen et al. 2009, Fraser et al. 2005,
Goldin and Regosin 1998, Loegering and Fraser 1995, Patterson et al. 1991). However, in
this model, the presence of a high-quality foraging area helped to buffer the negative
effects of narrow beach widths, an interaction that is not frequently considered.
Accessibility of foraging areas also impacted chick weights and survival
(supporting prediction 6). When foraging areas were present but accessibility was
hindered, chicks had lower weights and were less likely to survive. Management to
increase accessibility of important beach areas may be beneficial for chick survival
(Loegering and Fraser 1995) and reduce the effort needed to protect plovers from
disturbance. Additionally, management practices that would degrade or inhibit the
renewal of important foraging areas or access to those areas should be avoided (Elias et
al. 2000).
Symbolic fencing is a widely-used technique to keep human recreationists away
from nest areas (USFWS 1996). On simulated wide beaches, increasing the amount of
fencing did not impact nest survival, though nest survival decreased when fencing was
reduced (partially supporting prediction 5). Chick survival, however, increased with
decreasing fencing. Chick survival was highest with reduced fencing and, on the same
width beach, lower with extra fencing. Additionally, chick survival was high in the
peninsula configuration, which resembled the minimum fencing configuration except
with two smaller beaches instead of one large beach. This is a novel finding and one
which may merit field experiments to validate. If chicks stay along the beach near the
nest to forage and prefer to forage in the intertidal/wrack zone, an increase in fencing
would cluster recreationists into that same area and disrupt foraging, while a decrease in
fencing would spread recreationists out and reduce disturbance. Accordingly, optimal
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management for nests and chicks may be at odds. However, fencing may also serve as a
refuge from disturbance, and increased space may benefit chicks if foraging is suitable
enough within the fenced habitat.
Human density had generally negative impacts (supporting prediction 1), though
it was not the most important factor. Increasing human density not only caused adults and
chicks to flush more frequently, but also impacted survival, especially for chicks (Figure
2-14). This is a commonly reported finding and an important consideration in beach
management. The maximum number of predators allowed in a simulation also had a
notable influence on both nest and chick survival, and a smaller impact on energetics and
flushing behavior (also supporting prediction 1). Interestingly, this effect was much
greater for nest survival than for chick survival. This may be because human presence
overlapped with chick foraging areas but not with nest space. Predators may have flushed
from humans, keeping them from capturing chicks and instead moving them towards the
human-free fenced space, where nests were.
Differences in predator FID had little impact on model results. I predicted that if
predators are sensitive to human disturbance, they should be less successful at capturing
prey with increasing human density (prediction 4). Conversely, if predators tolerate
human presence, they should be able to take advantage of plovers being disturbed to
opportunistically take nests or chicks. This hypothesis was not supported by model
results. However, generic predator behavior was not complex in this model. If a particular
predator species were modeled rather than a generic predator, their foraging behavior,
flushing behavior, and susceptibility to disturbance could be specified, perhaps leading to
a better understanding of this factor.
The measure of effect size used was appropriate within an individual-based
modeling framework. My goal was not to measure which variables were “significant”
since statistical significance was inflated due to a high amount of replication. Rather than
focusing on variability in the context of significance, it is proper to look at magnitude of
differences (White et al. 2013). This measure of effect size captures the range of variation
in response variables across each predictor variable. One important thing to consider, in
any case where “levels” of some factor are involved, is that variable importance was a
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function of the levels included in the model. For example, plover FID levels were
7.5/10/20/30 cells or 15/20/40/60 meters. These values are based on the literature and
also on how the model system functioned. At higher FID values, plovers would flush at
unrealistic rates due to perfect detection of humans at any distance and 100% chance to
flush upon detecting humans within the FID range. If the model had simulated an
additional higher FID level, this factor would have increased in importance compared to
the other factors, but this would have been misleading because the range of input values
would not have been realistic. Thus, it is imperative to come up with ecologically
relevant levels for predictor variables and to interpret importance based not only on raw
numbers but also on how the factors and levels of factors function within the greater
system.
This model captured many of the essential components of the beach system and
how its inhabitants function within that system. Some factors which were not included in
the model but may be important to consider within the system are: the negative impacts
of habituation (Beale and Monaghan 2004, Blanc et al. 2006, St Clair et al. 2010), nest
abandonment due to disturbance (USFWS 2009) or adult mortality (Roche et al. 2010),
presence of dogs (USFWS 2009), presence or absence of tern colonies which may
provide antipredator benefits (Burger 1987, Lauro and Tanacredi 2002), seasonal and
site-specific weather (e.g. storms, periods of extreme temperatures: Gratto-Trevor and
Abbott 2011, Harris et al. 2005), tidal cycles and other variations in water levels (GrattoTrevor and Abbott 2011, Harris et al. 2005), natural and artificial creation of new habitat
(Catlin et al. 2011, Cohen et al. 2009, Maslo et al. 2011), the need to balance cost and
efficiency of management with recreational demands (USFWS 2009), coastal habitat loss
and degradation (Defeo et al. 2009), and climate change (Gratto-Trevor and Abbott 2011,
USFWS 2009).
Individual-based modeling is a useful tool that should be incorporated into Piping
Plover research and management. Individual-based models, with relatively low risk and
cost, can explore hypothetical scenarios of interest and provide valuable information
which, combined with field studies, can inform management practices and decisions. The
model specifically built for this study has the potential for expansion and could be

79
customized to be a valuable tool for exploring additional questions in a plover/beach
individual-based modeling framework.
Piping Plovers require intensive management which will likely continue as long
as human recreationists desire to use the beach environment (Gratto-Trevor and Abbott
2011, USFWS 2009). Efficient and successful management will only be possible by
taking beaches on a site-by-site basis, looking at how beaches are structured, how many
and what kind of recreationists use the beach, what predators are present, and how
plovers respond to disturbance as well as to actual threats. With expert knowledge of the
beach system, management practices will help to ensure the survival of Piping Plovers
along with other inhabitants of the coastal environment.
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Table 2-1. Habitat types and their associated multipliers for per-timestep energy gain
(Fraser et al. 2005, Goldin and Regosin 1998, Loegering and Fraser 1995, Maslo et al.
2011).

Habitat Type
Open Water
Dunes (inaccessible portions)
Dunes (accessible portions)
Open Beach
Fenced Area
Intertidal Zone (including wrack)
High-quality Foraging Area

Energy Gain Multiplier
0
0
0.25
0.5
0.5
1
1.5
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Table 2-2. Various parameters used in simulations.

Parameter

Value

Simulation Parameters
Timestep length
Simulation duration

1 minute
30 days

Human Parameters
Distance moved per timestep: Fast humans
Base timestep chance of being added: Fast
Distance moved per timestep: Medium humans
Base timestep chance of being added: Medium
Distance moved per timestep: Slow humans
Base timestep chance of being added: Slow
Slow humans: change in orientation of movement per
timestep
Plover parameters
Distance moved per timestep (all behaviors)
Base energy gained while foraging and undisturbed
Base energy gained while foraging and alert
Predator parameters
If moving, distance moved per timestep:
Cone of vision for detecting nests
Cone of vision for detecting chicks
Criteria for capturing nests
Criteria for capturing chicks

50 cells (100 m)
0.0008
20 cells (40 m)
0.0008
5 cells (10 m)
0.0004
Up to 30° in either direction

5 cells (10 m)
0.0017 g
0.0008 g
5 cells (10 m)
90° viewing angle centered straight
ahead up to 7.5 cells (15 m), 25%
chance of detection
120° viewing angle centered straight
ahead up to 10 cells (20 m), 50% chance
of detection
Nest within 2 cells AND in cone of
vision AND no adults within 7.5 cells
(15 m)
Chick within 2 cells AND no adults
within 5 cells (10 m)
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Table 2-3. Description of beach configurations and characteristics associated with each
configuration. Beach width indicates the distance from the edge of the dunes to the
water’s edge, combining fenced area, open beach, and intertidal/foraging area.
Map Set 1: Beach Code
Name

Beach Width

Fenced Area
Width

Wide One Way
Max Fence
Min Fence
Mid One Way
Skinny One Way
Skinny Two Way
Peninsula

130 cells / 260 m
130 cells / 260 m
130 cells / 260 m
100 cells / 200 m
70 cells / 140 m
70 cells / 140 m
70 cells / 140 m *

50 cells / 100 m
75 cells / 150 m
25 cells / 50 m
35 cells / 70 m
20 cells / 40 m
20 cells / 40 m
15 cells / 30 m *

High-quality
Foraging Area
Present?
No
No
No
No
No
Yes
No

* In the peninsula configuration, there were two beach areas split by a small section of
dunes, so effectively there were 140 cells of beach in this configuration, including 30
cells of fenced area.

Map Set 2: Beach Code
Name

Ocean Side Beach
Width

Pond Foraging
Side Width

Ocean Wide Pond Wide
Easy Access
Ocean Wide Pond Wide
Hard Access
Ocean Wide Pond Narrow
Easy Access
Ocean Wide Pond Narrow
Hard Access
Ocean Narrow Pond Wide
Easy Access
Ocean Narrow Pond Wide
Hard Access
Ocean Narrow Pond Narrow
Easy Access
Ocean Narrow Pond Narrow
Hard Access

80 cells / 160 m

60 cells / 120 m

Easy or Hard
Access to
Pond Side?
Easy

80 cells / 160 m

60 cells / 120 m

Hard

80 cells / 160 m

30 cells / 60 m

Easy

80 cells / 160 m

30 cells / 60 m

Hard

50 cells / 100 m

60 cells / 120 m

Easy

50 cells / 100 m

60 cells / 120 m

Hard

50 cells / 100 m

30 cells / 60 m

Easy

50 cells / 100 m

30 cells / 60 m

Hard
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Table 2-4. Multipliers for human activity by time of day.

Time of Day
12 am to 6 am
6 am to 9 am
9 am to 12 pm
12 pm to 4 pm
4 pm to 7 pm
7 pm to 9 pm
9 pm to 12 am

Human Activity Multiplier
0
0.2
0.5
1
0.7
0.2
0
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Table 2-5. Correlations between response variables.

Nest
Survival

Chick
Survival

Chick
Weight

Map Set 1
Chick Survival
Chick Weight
Adult Flushing

0.15
-0.03
-0.10

0.60
-0.76

-0.57

Map Set 2
Chick Survival
Chick Weight
Adult Flushing

0.19
0.02
-0.07

0.66
-0.70

-0.71
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Table 2-6. Coefficients, standard error, and p-values for quasibinomial tests of the impact
of predictor variables on nest survival. Unshaded rows are for continuous predictor
variables that are standardized to the same scale, while shaded rows are for different
levels of the beach configuration variable. Note that the “Max Fence” and “Ocean
Narrow Pond Narrow Easy Access” are the baseline beach configurations for Map Sets 1
and 2, respectively.

Coefficient

Std.
Error

Map Set 1: Nest Survival
Intercept
Plover FID
Human Density
Max Num Predators
Predator FID
Mid One Way
Min Fence
Peninsula
Skinny One Way
Skinny Two Way
Wide One Way

0.702
0.090
-0.006
-0.427
0.029
-0.302
-0.245
-0.054
-0.757
-0.239
-0.027

0.021
0.008
0.008
0.008
0.008
0.029
0.029
0.029
0.029
0.029
0.029

< 0.001
< 0.001
0.424
< 0.001
< 0.001
< 0.001
< 0.001
0.066
< 0.001
< 0.001
0.354

Map Set 2: Nest Survival
Intercept
Plover FID
Human Density
Max Num Predators
Predator FID
Ocean Narrow Pond Narrow Hard Access
Ocean Narrow Pond Wide Easy Access
Ocean Narrow Pond Wide Hard Access
Ocean Wide Pond Narrow Easy Access
Ocean Wide Pond Narrow Hard Access
Ocean Wide Pond Wide Easy Access
Ocean Wide Pond Wide Hard Access

0.495
0.085
-0.067
-0.355
-0.013
0.019
0.547
0.592
0.201
0.187
0.587
0.578

0.020
0.008
0.008
0.007
0.008
0.029
0.030
0.030
0.029
0.029
0.030
0.030

< 0.001
< 0.001
< 0.001
< 0.001
0.091
0.505
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

p-value
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Table 2-7. Coefficients, standard error, and p-values for quasibinomial tests of the impact
of predictor variables on chick survival. Unshaded rows are for continuous predictor
variables that are standardized to the same scale, while shaded rows are for different
levels of the beach configuration variable. Note that the “Max Fence” and “Ocean
Narrow Pond Narrow Easy Access” are the baseline beach configurations for Map Sets 1
and 2, respectively.

Coefficient

Std.
Error

Map Set 1: Chick Survival
Intercept
Plover FID
Human Density
Max Num Predators
Predator FID
Mid One Way
Min Fence
Peninsula
Skinny One Way
Skinny Two Way
Wide One Way

0.283
-1.090
-0.470
-0.516
-0.045
-0.318
0.421
0.364
-1.017
0.052
0.230

0.017
0.007
0.007
0.007
0.006
0.024
0.024
0.024
0.024
0.024
0.024

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.029
< 0.001

Map Set 2: Chick Survival
Intercept
Plover FID
Human Density
Max Num Predators
Predator FID
Ocean Narrow Pond Narrow Hard Access
Ocean Narrow Pond Wide Easy Access
Ocean Narrow Pond Wide Hard Access
Ocean Wide Pond Narrow Easy Access
Ocean Wide Pond Narrow Hard Access
Ocean Wide Pond Wide Easy Access
Ocean Wide Pond Wide Hard Access

-0.078
-0.856
-0.355
-0.440
-0.064
-0.579
0.777
0.251
0.415
-0.090
1.013
0.516

0.015
0.006
0.006
0.006
0.005
0.022
0.022
0.022
0.022
0.021
0.022
0.022

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

p-value
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Table 2-8. Coefficients, standard error, and p-values for linear models of the impact of
predictor variables on chick weights. Unshaded rows are for continuous predictor
variables that are standardized to the same scale, while shaded rows are for different
levels of the beach configuration variable. Note that the “Max Fence” and “Ocean
Narrow Pond Narrow Easy Access” are the baseline beach configurations for Map Sets 1
and 2, respectively.

Coefficient

Std.
Error

Map Set 1: Chick Weight
Intercept
Plover FID
Human Density
Max Num Predators
Predator FID
Mid One Way
Min Fence
Peninsula
Skinny One Way
Skinny Two Way
Wide One Way

40.56
-3.276
-1.741
-0.547
-0.134
-0.169
-0.365
0.985
-0.027
8.873
-0.273

0.032
0.012
0.012
0.012
0.012
0.045
0.044
0.044
0.046
0.044
0.044

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.556
< 0.001
< 0.001

Map Set 2: Chick Weight
Intercept
Plover FID
Human Density
Max Num Predators
Predator FID
Ocean Narrow Pond Narrow Hard Access
Ocean Narrow Pond Wide Easy Access
Ocean Narrow Pond Wide Hard Access
Ocean Wide Pond Narrow Easy Access
Ocean Wide Pond Narrow Hard Access
Ocean Wide Pond Wide Easy Access
Ocean Wide Pond Wide Hard Access

49.06
-2.647
-1.595
-0.454
-0.057
-3.237
0.449
-3.114
0.492
-2.971
0.845
-2.976

0.045
0.016
0.016
0.016
0.016
0.064
0.063
0.063
0.063
0.063
0.063
0.063

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

p-value
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Table 2-9. Coefficients, standard error, and p-values for linear models of the impact of
predictor variables on the number of timesteps adult plovers spent flushed off nests.
Unshaded rows are for continuous predictor variables that are standardized to the same
scale, while shaded rows are for different levels of the beach configuration variable. Note
that the “Max Fence” and “Ocean Narrow Pond Narrow Easy Access” are the baseline
beach configurations for Map Sets 1 and 2, respectively.

Map Set 1: Adult Flushing
Intercept
Plover FID
Human Density
Max Num Predators
Predator FID
Mid One Way
Min Fence
Peninsula
Skinny One Way
Skinny Two Way
Wide One Way
Map Set 2: Adult Flushing
Intercept
Plover FID
Human Density
Max Num Predators
Predator FID
Ocean Narrow Pond Narrow Hard Access
Ocean Narrow Pond Wide Easy Access
Ocean Narrow Pond Wide Hard Access
Ocean Wide Pond Narrow Easy Access
Ocean Wide Pond Narrow Hard Access
Ocean Wide Pond Wide Easy Access
Ocean Wide Pond Wide Hard Access

Coefficient

Std.
Error

p-value

1251.7
1637.2
548.9
329.9
29.7
454.8
280.0
223.5
1400.8
731.0
12.4

22.9
8.65
8.65
8.65
8.65
32.4
32.4
32.4
32.4
32.4
32.4

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.702

2378.7
1816.2
833.4
214.1
62.2
-11.3
-584.4
-588.2
-701.4
-724.1
-1001.9
-994.6

26.4
9.34
9.34
9.34
9.34
37.3
37.3
37.3
37.3
37.3
37.3
37.3

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.762
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
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(A)

(B)

Figure 2-1. Visualizations of simulated beaches from Map Set 1, with habitat types
distinguished. Both beaches in this set contain only an ocean side intertidal foraging area
on the far right, and plovers will not cross to the left side to forage, though chicks can
enter dunes to escape disturbance. Beach (A) represents a skinny beach while beach (B)
is a wider beach. Gray bird-shaped icons represent adult plovers incubating their nests.
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(A)

(B)

Figure 2-2. Visualizations of simulated beaches from Map Set 2, with habitat types
distinguished. Both beaches in this set contain both an ocean side intertidal foraging area
on the right and a high-quality foraging area on the left. Beach (A) represents a beach
where both sides of the beach are relatively wide and the left [pond] foraging area is
easily accessible. Beach (B) represents a beach where the left foraging area is not as
easily accessible and is also skinnier than in beach (A). Gray bird-shaped icons represent
adult plovers incubating their nests.
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Figure 2-3. Procedures carried out every timestep in the model.
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Figure 2-4. Flowchart depicting how a plover behaves during a timestep.
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Figure 2-5. Flowchart depicting how a predator behaves during a timestep.
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Figure 2-6. Bar graphs of the proportion of nests surviving (out of 5 total) across all simulations.
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Figure 2-7. Histograms of the proportion of chicks surviving (out of 20 total) across all simulations.
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Figure 2-8. Histograms of final chick weights across all simulations.
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Figure 2-9. Histograms of the number of timesteps adult plovers spent flushed off nests (out of 43,200 total) throughout
simulations.
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Figure 2-10. Relative importance (effect size) of each predictor variable for each map set and response variable.
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Figure 2-11. Effects of beach configurations (in map set 1) on each of the four response
variables: nest and chick survival (A), chick weights (B), and number of timesteps adults
spent flushing (C). See Table 2-3 for characteristics of each beach type. Error bars
represent 1 standard error about the mean.
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Figure 2-12. Effects of beach configurations (in map set 2) on each of the four response variables: nest survival (A), chick
survival (B), chick weights (C), and number of timesteps adults spent flushing (D). See Table 2-3 for characteristics of each
beach type. Error bars represent 1 standard error about the mean.
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Figure 2-13. Proportion of nests (A) and chicks (B) surviving as a function of plover
flight initiation distance. Error bars representing 1 standard error do not extend beyond
the symbols.
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Figure 2-14. Proportion of nests (A) and chicks (B) surviving as a function of human
density. Error bars representing 1 standard error do not extend beyond the symbols.
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